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Abstract
The ability to cling to and climb on inclined, vertical, and inverted surfaces gives animals
access to additional shelter and food and may provide refuge from unsuitable temperature and
moisture conditions or escape from ground-dwelling predators. Salamanders have been shown to
cling to surfaces and engage in climbing behavior, but their maximum clinging capability and
mechanisms of attachment are not well understood. While some arboreal salamanders possess
prehensile tails, salamanders lack many morphological adaptations for attachment, such as claws,
toe pads, and fibrillar adhesive pads. Maximum cling performance and surface area of
attachment were measured, and the adhesive capability of salamander mucus was quantified to
investigate how behavior and morphology interact with surface properties to determine cling
performance. This study found that many species of salamanders are capable of clinging fully
inverted on smooth, challenging surfaces using the viscous and adhesive properties of their
mucus. Body size and surface area of attachment impact cling performance, in conjunction with
behavior and surface properties such as surface roughness, wetness, and porosity. Variation in
area of attachment and characteristic clinging posture have significant effects on maximum cling
performance. Surface porosity has no effect on maximum cling angle, demonstrating that suction
does not contribute to salamander cling performance. On roughened surfaces, salamanders can
engage in gripping behavior which improves attachment performance. Wetted surfaces can
enhance cling performance through improved contact surface at the substrate-mucus-skin
interface. Salamander cling performance is complex, resulting from the interaction of physical
properties of the substrate and mucus layer as well as animal morphology and behavior.

v

I.

Cling Performance and Surface Area of Attachment

Abstract
Plethodontid salamanders inhabit terrestrial, scansorial, arboreal and troglodytic habitats
in which clinging and climbing behavior allow them access to additional food and shelter as well
as escape from unfavorable temperature and moisture conditions and ground-dwelling predators.
Although salamanders lack both claws and toe pads found on other climbing species, they
successfully cling to and climb on inclined, vertical, and inverted surfaces in nature. Maximum
cling performance was tested on smooth acrylic, and the relationship between cling performance,
body mass, and surface area of attachment was investigated. This study found that many
salamander species tested are capable of clinging to smooth acrylic surfaces fully inverted using
only a portion of their available ventral surface area to attach. Salamanders show significant
differences in cling performance, even between species of similar body mass. High performance
in some species, such as Desmognathus quadramaculatus, is attributable to morphology and
cling surface area reducing stress; low performance in some species, such as Ensatina
eschscholtzii, is due to behavior which negatively impacts cling performance. Salamander
performance is the result of both morphology and behavior impacting the stresses experienced
during clinging.
Introduction
Animals may climb to avoid competition, locate additional food resources, escape ground
dwelling predators, or find more suitable shelter or microclimate. In addition, moving through
mountainous or forested habitats requires animals to be able to climb over obstacles such as
rocks and fallen trees. The ability to climb, defined as locomotion on supports with vertical or
1

steeply sloping surfaces (Cartmill, 1985) requires an animal not only to be able to generate and
maintain attachment on the vertical or steeply sloping surface (clinging) but also to remove and
replace components of that attachment surface, such as their feet, body, and tail, as they move
their body upward. As a result, the study of clinging can help shed light on constraints of
climbing capabilities of organisms and the effect of surface features on whole animal
performance. Here I test cling performance on smooth surfaces in plethodontid salamanders, a
large family of semi-aquatic, terrestrial, and scansorial amphibians whose clinging and climbing
abilities are poorly studied. I measure the amount of surface area used when clinging by
salamander species differing in body size, morphology, and ecological niche, to better
understand how clinging and climbing are accomplished and investigate what functional
constraints determine performance.
Plethodontid salamanders, the largest and most diverse group of salamanders, access and
occupy elevated and inclined surfaces in their natural habitats (McEntire, 2016). Species from
the genera Bolitoglossa, Chiropterotriton, Dendrotriton, Ixalotrition, Nototriton, Pseudoeurycea,
and Thorius live in arboreal neotropical habitats in Mexico, Central, and South America
(McEntire, 2016; Wake, 1987). In the United States, salamanders of the genus Aneides occupy
arboreal habitats seasonally, and Aneides vagrans has been documented climbing to 93 meters,
living year-round in the fern mats of old-growth redwood trees (McEntire, 2016; Spickler et al.,
2006). Scansoriality is even more widespread within the family. In addition to the scansorial
cave-dwellers Chiropterotriton magnipes and some Hydromantes species (Bradley and Eason,
2018; Camp et al., 2013; Gorman and Camp, 2006; Lunghi et al., 2017) up to 45% of terrestrial
and semi-aquatic species have been documented climbing on temporal scales ranging from short
periods of nocturnal foraging up plant stems to year-round occupation of tree trunks, rock
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crevices, tallus slopes, and cave walls (Crawford and Peterman, 2013; Huheey and Brandon,
1973; McEntire, 2016; Spickler et al., 2006; Waldron and Humphries, 2005).
Ability to climb allows salamanders to distribute across existing habitat in three
dimensions. Climbing may allow smaller salamanders to avoid predation and competition for
food. In the Appalachian Mountains, smaller species of genus Desmognathus are found clinging
to and climbing up wet rock faces, with predatory Desmognathus quadramaculatus below
(Crawford and Peterman, 2013). In the Pacific Northwest, where arboreal Aneides species live,
Dicamptodon salamanders prey on other amphibian species (Bury, 1972), and climbing may
provide one means of avoiding predation. Climbing rock faces, tree trunks, and cave walls may
allow salamanders to find nest sites in cracks (Lunghi et al., 2014; Lunghi et al., 2015; Myer,
1958; Spickler et al., 2006; Waldron and Humphries, 2005). Eurycea and Plethodon species have
been documented climbing plant stems and tree trunks at night to forage for insects (Jaeger,
1978; Legros, 2013). In temperate regions, accessing arboreal habitats may provide more
suitable temperature and moisture conditions (Forsman and Swingle, 2007; Spickler et al., 2006),
as in the seasonal occupation of caves by species such as some Hydromantes species and
Eurycea lucifuga (Gorman and Camp, 2006; Lunghi et al., 2017; Wake, 2014). Plethodontid
salamanders are lungless and dependent on microclimatic conditions to maintain the diffusion of
oxygen across the moist skin surface; the ability to access more suitable temperature and
moisture conditions could exert a strong selection pressure on climbing ability (Feder, 1983).
Passive clinging behavior is a prerequisite for climbing, although climbing performance,
as it is a more challenging attachment behavior, will always be more limited than stationary cling
performance. Study of a species’ capacity for attachment to surfaces and of the factors that
determine attachment success develops our understanding of the attachment mechanism and
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strength. Clinging on inclined (<90º to horizontal), vertical (90º), overhanging (>90º), and
inverted (180º) surfaces requires animals to create attachment points which can resist shear and
tensile forces, components the force of gravity acting on the animal’s body mass, acting to
remove the animal from the surface (Figure 1.1).
Attachment can be generated in two main ways: by interlocking the surface between the
animal and the substrate, as in gripping with claws or toes, or by creating bonds between the
animal and the surface which are too strong to be broken by the animal’s body weight, as in wet
adhesion, fibrillar adhesion, and suction (Cartmill, 1985). Many animals use more than one of
the possible attachment mechanisms: interlocking with claws or bristles, fibrillar adhesion,
suction, or wet adhesion. Many species of anoles and geckos have claws that are effective on
roughened or soft, penetrable surfaces and fibrillar (dry) adhesive pads that work on smooth
surfaces (Autumn, 2006; Crandell et al., 2014; Russell and Higham, 2009; Zani, 2000). Frogs
have sufficient dexterity to grip with the toes, their body is covered in sticky mucus, and in
scansorial species, their toes end in specialized wet-adhesive pads (Emerson and Diehl, 1980;
Endlein et al., 2013a; Endlein et al., 2013b; Green, 2008; Green and Simon, 1986; Hanna and
Barnes, 1991). Suction attachment exists not only in aquatic vertebrates (Beckert et al., 2015;
Fulcher and Motta, 2006; Green and Barber, 2009; Maie et al., 2012), some of whom use suction
in extreme clinging and climbing behavior (Christy and Maie, 2019; Wainwright et al., 2013),
but also in certain species of bats (Riskin and Fenton, 2011; Riskin and Racey, 2010). Unlike
interlocking mechanisms, for wet and dry adhesion, as well as suction, the strength of the
attachment is partially dependent on the area of the attachment surface (Stefan, 1874; Vogel,
2003).
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Salamanders do not have claws, and inspection of foot and toe surfaces shows no sign of
suction cups or the hierarchical series of attachment structures commonly found in specialized
clinging and climbing species, such as geckos, anoles, tree frogs, bats, clingfish, and insects
(Autumn, 2006; Crandell et al., 2014; Emerson and Diehl, 1980; Federle, 2002; Hanna and
Barnes, 1991; Labonte and Federle, 2015; Riskin and Racey, 2010; Wainwright et al., 2013).
Microscopic examination of foot and toe morphology in five species from the genus Bolitoglossa
found no evidence of toe pad structures; instead, the foot is a smooth surface covered in mucus
glands (Green and Alberch, 1981). With the entire ventral surface of the salamander coated in a
thin layer of mucus, wet adhesion is the most likely mechanism of attachment on smooth
surfaces where attachment by gripping is impossible. At angles below 90º, the animal-mucussubstrate interface will resist shear according to the viscosity of the mucus layer and its thickness
(Figure 1.1; Vogel, 2003). Clinging at 90º, the entire body weight of the salamander is supported
by this resistance of the mucus to shearing forces caused by gravity (Figure 1.1). At overhanging
angles greater than 90º, the attachment of the animal is dependent on both the viscous and
adhesive properties of the mucus layer, which will experience increasing tensile forces and
decreasing shear forces with increasing angle (Figure 1.1). Finally, in inverted attachment (at
180º) the full body weight of the salamander is supported by the adhesive properties of the
mucus layer resisting the normal stress caused by gravity (Figure 1.1). Adhesive strength is
generated either by the surface tension of the fluid layer (capillarity) or by its viscosity (as in
Stefan adhesion) and is dependent on surface area (Barnes et al., 2006; Emerson and Diehl,
1980; Stefan, 1874; Vogel, 2003).
Body mass and dimensions can affect clinging and climbing performance. Under
isometric scaling, as the body length of the animal increases, its surface area increases as the
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square of its length, and its volume increases as the cube of its length. In a clinging organism,
attachment surface area scales as mass or volume to the two-thirds power, and detachment force
scales as mass (Schmidt-Nielsen, 1975). Thus, for larger animals, if nothing changes about body
shape with increasing size, maintaining attachment against gravity using the ventral body surface
becomes more and more challenging (Adams and Nistri, 2010; Jaekel and Wake, 2007). This can
be overcome in one of two ways: animals increasing in body size, either through ontogeny or
through evolution, could change body shape to increase surface area of attachment, or change the
chemical and physical properties of the attachment substance (in this case, mucus) to resist
greater stress.
The signature of a change in morphology to increase attachment surface might take the
form of a redistribution of the same total body mass to increase area in the relevant dimension, or
an increase in the area of specific specialized attachment surfaces, like the feet and tail.
Allometric scaling of foot surface area has been found in several species of cave-dwelling
plethodontids in the genera Hydromantes and Chiropterotriton but has been ruled out in the
arboreal and web-footed species of Bolitoglossa (Adams and Nistri, 2010; Adams et al., 2017;
Jaekel and Wake, 2007; Salvidio et al., 2015). One suggestion is that webbed feet in Bolitoglossa
could be providing enhanced attachment via suction (Alberch, 1981), although the morphology
of bolitoglossan feet lack several of the functional features found in other biological suction
cups, such as a fleshy lip surrounding a round “cup” to prevent fluid leakage , and a concave
internal structure in which the low pressure region can develop (Beckert et al., 2015; Maie et al.,
2012; Nachtigall, 1974). A broadly comparative study of 225 species of clinging and climbing
vertebrates and invertebrates found that across distantly-related taxa, larger species were more
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likely to develop increased surface area to increase attachment, but within a genus, species were
more likely to enhance attachment by increasing stickiness (Labonte et al., 2016).
In this study, I test smooth-surface cling performance in plethodontid, and as an outgroup
comparison, ambystomatid salamanders. Salamanders lack the morphological specializations
found in other scansorial amphibian species, such as claws and toe pads (Green and Alberch,
1981), and are likely clinging using wet adhesion. As a result, individual cling performance may
be limited by the ratio of cling surface area to body mass, unless changes in body shape occur
with increasing body size. Salamanders could also be mitigating the effect of substrate angle by
changes in posture and cling behavior to increase surface area of attachment. I measure the
amount of surface area used by salamanders when clinging maximally, and investigate the links
between morphology, mechanism of attachment, and cling performance.
Methods
Animals
Animals were collected from natural populations in Chiapas, Mexico, and California and
North Carolina, USA. Salamanders were housed individually in plastic enclosures on a substrate
of damp unbleached paper towels at 16 to 20ºC on a 12/12 light schedule. Species were fed on a
diet of vitamin-dusted crickets or fruit flies, depending on size. A total of 233 individuals from
20 species were used in the study (Table 1.1). All procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) of the University of South Florida (IACUC
#IS00003067, Appendix).
Maximum Cling Performance
Animals were removed from their enclosures by hand and placed on a clear, dry sheet of
acrylic (Plaskolite Optix, Columbus, Ohio, USA) fastened on a rotating hinge of adhesive tape to

7

a laboratory table edge at an angle of 0° relative to horizontal. Acrylic was selected as the
attachment surface due to its wide use in attachment experiments across other taxa (Federle,
2003; Hanna and Barnes, 1991). Ambient moisture levels were standardized across species by
controlling the amount of water added to enclosure paper towels. All animals were oriented in
the same direction, facing away from the point of rotation, resulting in a head-up orientation at
any angle between 0º and 180º. After a 30 second acclimation period, the acrylic was rotated by
hand at a rate of 3º per second until the animal detached or until it was fully inverted (angle of
180º). If the animal achieved an angle of 180º, a stopwatch recorded cling time up to 60 seconds,
at which time the trial ended. The angle at which the animal detached was measured, and animals
were returned immediately to their enclosures.
Animals were tested no more than three trials per day with a rest of at least one hour
between trials. Trials in which animals voluntarily jumped off were not analyzed. Animals were
tested for at least three trials, or up to five in total. If a maximal possible performance of 180º
cling attachment for at least 60 seconds occurred within the first three trials, no more trials were
conducted.
Surface Area of Attachment
Salamanders were removed from their enclosures by hand and placed on a clear, dry
acrylic sheet (Plaskolite Optix, Columbus, Ohio, USA) mounted in a wooden frame that could be
smoothly rotated 180º. LED strip lights (Commercial Electric, Cleveland, Ohio, USA) were
mounted on the flame-polished edges of the acrylic on all four sides so that the light passed into
the plane of the acrylic sheet and was trapped via frustrated total internal reflection (as described
in Betts, 1980 and Endlein, et al, 2013). When animals were placed in contact with the acrylic,
ventral attachment surfaces in intimate contact with the acrylic were illuminated by LED light.
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All animals were oriented in the same direction, facing away from the point of rotation, resulting
in a head-up orientation at any angle between 0º and 180º. After a 30 second acclimation period,
the acrylic was rotated by hand at a rate of 3º per second to the next prescribed angle. Trials in
which animals voluntarily jumped off were not analyzed. The ventral surface area of attachment
was imaged at angles of 0º, 45°, 90º (vertical), 135º, and 180º (inverted) for each trial until the
animal detached.
Animals were considered unable to attach at an angle if in five successive trials they were
scored as unable to remain attached at that angle. Animals were tested in at least three trials.
Successive trials were conducted in reverse beginning with placement and the acclimation period
at 0 degrees, and then collecting images at angles of 180 degrees, and ending with angle 0, to
account for the potential effects of fatigue or drying on attachment performance at the later
angles within a trial. Subsequent analysis found that the order of angles had no effect on the
surface area of attachment or maximum attachment angle. The ventral surface of the attached
animals was imaged using an iPhone 6 or iPhone SE (Apple, Cupertino, California, USA) front
facing camera mounted on a wooden frame perpendicular to the acrylic sheet.
All surface area of attachment values reported come from trials in which species achieved
maximum cling performance from the experiment (45º, 90º, 135º, or 180º). Species mean cling
angle is reported in each table to identify the mean and standard error of the mean derived from
the maximum cling angle for all individuals, as well as the number of individuals, N, included in
that analysis. Maximum surface area refers to the single trial from each individual in which they
reached their maximum cling performance using the largest amount of surface area. Minimum
surface area refers to the single trial from each individual in which they reached their maximum
cling performance using the smallest amount of surface area. Species surface area maximum and
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minimum values are given as the mean and standard error of the mean (Table 1.2). Percent
difference is calculated as species average maximum surface area minus the minimum surface
area divided by the maximum surface area, and then multiplied by 100.
For the behavioral comparison of surface area of attachment on the horizontal surface (0º)
to the surface area of attachment at peak cling angle, all trials for all individuals (expect trials in
which animals jumped off voluntarily) were included in the analysis. Surface area of attachment
values represent the mean and standard error of the mean surface area of attachment at either 0º
(horizontal) or the maximum cling angle for that individual for that particular trial (Table 1.5).
Data on Eurycea lucifuga surface area of attachment on the horizontal surface was not available,
due to constraints of testing in the field.
Field Tests
Some species of animals were tested for maximum cling angle and surface area of
attachment using a miniaturized, battery-powered version of the LED illuminated cling apparatus
mounted on two tripods (MeFoto Roadtrip, Benro, North White Plains, New York, USA; GGeekeep Waterproof Flexible LED Light Strips, Amazon, Seattle, Washington, USA), at the site
of animal capture. In the field, animals were tested in the same manner as described above, with
the caveat that time and resource constraints frequently led to fewer trials or fewer experiments
being conducted. Hydromantes platycephalus and Eurycea lucifuga were tested in five full trials
for maximum cling performance, but a single surface area of attachment trial per individual was
captured. (Tables 1.1 – 1.6). For this reason, surface area values for H. platycephalus and E.
lucifuga are reported only as the minimum surface area to maintain attachment. Field-tested
animals were released at the point of capture within 24 hours.
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Digitizing Images
Images were digitized using ImageJ software (Schneider, 2012). The Color Thresholding
function was used to select each illuminated area of attachment on the animal in the image. All
selected illuminated areas were then added to the ROI Manager and converted to a known area
of attachment via the Measure function. The Measure function was calibrated using a scale bar
attached to the acrylic and visible in each image.
Stress calculations
Shear (parallel) and tensile (normal) stress were calculated by resolving the vectors based
on the angle of the substrate, with the body mass of the individual animals, and images of the
animals’ illuminated attachment surface. For calculations of shear stress at angles from 0º to 90º
(the point of maximum shear stress), the ventral surface area of attachment was measured at 45º
or 90º (depending on each individual animal’s maximum performance). For calculations of
normal stress (or the tensile force being resisted per unit attachment area while clinging on
overhanging or inverted surfaces) at angles from over 90º to 180º, the ventral surface area of
attachment was measured at 135º or 180º (depending on each individual animal’s maximum
performance).
Stress was calculated as the force divided by the surface area of attachment (in kPa). Data
on maximum surface area used by each individual during peak cling performance were analyzed
separately from data of minimum surface area used at the same peak angle, in order to capture
both the maximum stresses experienced and resisted to maintain attachment, as well as the
minimum stress possible by application of additional body surface area. Species’ mean and
standard error of the mean for maximum and minimum shear and normal stress, as well as the
mean and standard error of the mean for species’ maximal cling performance were reported
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(Table 1.3, 1. 4). Percent difference is calculated as species’ average maximum stress minus the
minimum stress divided by the maximum stress, and then multiplied by 100.
Statistical Analysis
Cling performance data were non-normal, heteroskedastic, and could not be transformed
to be normal, or fitted to a negative binomial, Poisson, or lognormal distribution. Only the
maximum cling performance for each individual was analyzed. Differences in cling performance
were analyzed using a non-parametric Kruskal-Wallis test. Pairwise differences between species
in cling performance, body mass, surface area, shear stress, and normal stress were tested using a
Wilcoxon Rank Sum test for non-parametric data and corrected for false discovery rate
(Benjamini and Hochberg, 1995). All statistical analyses were conducted in R 3.5.2.
Salamander habitat categorizations are presented but were not used in any analysis.
Habitat classifications for salamanders were drawn from descriptions of adult habitat
(AmphibiaWeb, 2019; Petranka, 1998). All salamanders collected and used in this study were
collected terrestrially, except Desmognathus quadramaculatus, Eurycea wilderae, and
Desmognathus ocoee which were collected from streams and seeps. All the species used in this
study are known at least to locomote or forage terrestrially occasionally. To that end, all habitat
classifications can be considered to include terrestrial in all cases, and a secondary classification
of their habitat is also listed, where applicable. Climbing classification is based on the research
collected by McEntire, and indicates whether climbing in that species of salamander has been
recorded in the literature (McEntire, 2016). A nuanced discussion of climbing frequency,
climbing habitat, and potential reasons for climbing behavior is highly species specific, and best
drawn from the original literature.
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Results
Salamanders showed a wide range of responses to cling trials, only some of which are
useful for maintaining attachment. Small salamander species (Desmognathus aeneus,
Desmognathus ocoee, Eurycea wilderae) frequently showed a tendency to reorient with their
head downhill, and then jump or laterally undulate down the acrylic sheet until they could leap
from the edge. For trials where the reorientation happened at angles close to 90º or overhanging
angles between 90º and 135º, this reorientation and escape behavior sometimes resulted in a
small salamander clinging upside down, attached by its hind legs and tail to the acrylic, and then,
despite the evidence that they had sufficient adhesive attachment to cling, actively leaping off. In
larger species of salamander, particularly Psuedotriton ruber and Bolitoglossa franklini,
salamanders might respond to increasing angle by releasing a large amount of fluid from their
cloaca. In the case of Psudotriton ruber, several times animals then reoriented head downward,
and laterally undulated down the incline of the acrylic along the path lubricated by this fluid off
the edge of the acrylic. Trials in which salamanders used these non-clinging behaviors were not
used in the analysis or recorded as completed trials.
Maximum cling performance was significantly different among salamander species (Chi
Square=166.5, df=19, p=0.22x10-15, Table 1.1, Figure 1.2); and the amount of surface area used
to attach by a given species varies over a two-fold range during peak performance (Table 1.2).
Pairwise comparisons of selected species pairs were conducted to compare species’ body mass,
cling surface area, shear stress, and normal stress to determine the potential effects of variation in
these parameters on cling performance (Table 1.6).
Salamanders fall into three major functional groups based on body mass and cling
performance: high performing, very small salamanders, moderately performing small and
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medium salamanders, and low performing large salamanders (Figure 1.3, 1.4). Species with
mean body mass between 0.36 ± 0.04 g and 3.42 ± 0.30 g were able to cling at high angles
between 160º and 180º: Desmognathus aeneus, Eurycea wilderae, Batrachoseps attenuatus,
Desmognathus ocoee, Eurycea guttolineata, Pseudoeurycea leprosa, Aneides aeneus, Aneides
vagrans, Hydromantes platycephalus, Plethodon elongatus, Eurycea lucifuga, Aneides
flavipunctatus, Plethodon metcalfi, Bolitoglossa franklini (Table 1.1, Figure 1.4). The very
highest and most consistent cling performance (177º ± 3° to 180º ± 0.0°, Table 1.1) is seen in the
smallest species with the lowest mass (0.36 ± 0.04 g to 0.88 ± 0.17 g; Desmognathus aeneus,
Batrachoseps attenuatus, Desmognathus ocoee, Eurycea guttolineata, and Eurycea wilderae).
The calculated shear stress experienced by these species at peak (vertical) attachment is low
(0.07 ± 0.01 to 0.16 ± 0.03 kPa, Table 1.3, Figure 1.5). Normal stress experienced at peak
(inverted) attachment is identical to shear stress, (0.07±0.01 to 0.16 ± 0.03 kPa, Table 1.4, Figure
1.6), and accordingly these species also show little to no loss of attachment surface between the
0º horizontal condition and the 180º inverted condition (Table 1.5, Figure 1.7).
Species between 1g and 4g in body mass (Aneides aeneus, Aneides flavipunctatus,
Aneides vagrans, Eurycea lucifuga, Bolitoglossa franklini, Pseudoeurycea leprosa, Hydromantes
platycephalus, Plethodon elongatus, and Plethodon metcalfi) show a narrow range of high cling
performance (162° ± 12° to 180° ± 0.0°, Table 1.1, Figure 1.4). Most of these species cling
between 160º and 175º, but three species maintain attachment to 180º (Bolitoglossa franklini,
Aneides vagrans, and Eurycea lucifuga). Shear stress in these species ranges from 0.16 ± 0.03 to
0.48 ± 0.40 kPa (Table 1.3, Figure 1.5) at a cling angle of 90º. Normal stress at the maximum
angle (135º) ranges from 0.07 ± 0.01 to 0.16 ± 0.03 kPa (Table 1.4, Figure 1.6) for species
unable to cling at 180º. In the three species that can cling fully inverted (Bolitoglossa franklini,
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Aneides vagrans, and Eurycea lucifuga), maximum normal stress at 180º ranges from 0.12 ±
0.02 to 0.20 ± 0.03 kPa, (Table 1.4). Of the three species that can maintain cling performance to
180º, Bolitoglossa franklini and Aneides vagrans show a loss of attachment surface area between
121.9 ± 21.4 mm2 (32%) and 51.5 ± 26.7 mm2 (27%) respectively, (Table 1.5, Figure 1.7).
Large-bodied salamanders with species’ mean body mass 6.38 ± 0.60 g to 28.80 ± 3.05 g
(Ambystoma gracile, Ambystoma maculatum, Aneides lugubris, Desmognathus
quadramaculatus, Ensatina eschscholtzii, Pseudotriton ruber) showed overall a lower maximum
cling performance than small-bodied species, with the exception of medium-sized species
Desmognathus quadramaculatus, where cling performance was 166º ± 4 (Table 1.1, Figure 1.3).
Shear stress in this species was 0.19 ± 0.02 kPa, (Table 1.3) at a cling angle of 90º. Normal stress
at the maximum angle (135º) was 0.15 ± 0.01 kPa (Table 1.4). For D. quadramaculatus, surface
area increases with increasing angle by 11.2 ± 20.3 mm2, or 2% (Table 1.5). The largest and
poorest performing species, Aneides lugubris, Ensatina eschscholtzii, Pseudotriton ruber, and
the outgroup species Ambystoma gracile and Ambystoma maculatum cling to angles ranging
from 76º ± 5º to 114º ± 13º (Table 1.1). Analysis of surface area of attachment during clinging
shows these species experience higher shear stress prior to detachment than other species (0.33 ±
0.07 to 0.76 ± 0.35 kPa, Table 1.3, Figure 1.5). As all five species failed to cling between 90º and
135º, normal stress at the last tested angle prior to failure could not be measured. Comparison of
surface area of attachment at 0º and the highest angle prior to detachment shows a pattern of
decreasing surface area of attachment at higher angles in four of the five species (Table 1.5,
Figure 1.7). Ensatina eschscholtzii was notable due to its raised posture at all clinging angles.
During a later experiment, when sedated E. eschscholtzii were available, a sedated animal placed
on the acrylic not only had a much higher area of contact with the substrate, but also could
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passively cling to much higher angles. Ambystoma gracile, the poorest performing species,
showed an average gain of 189.7 ± 102.1 mm2 (23%) in surface area of attachment between 0º
(horizontal) and the peak measured angle, 45º, above which it detached (Table 1.5, Figure 1.7).
Discussion
Salamander clinging
Plethodontid salamanders are broadly capable of generating attachment to smooth
surfaces at a range of angles from horizontal (0º) through fully inverted (180º). Research in other
taxa of clinging and climbing organisms has identified specialized morphology associated with
high cling performance. For example, tree frogs show specialized pillar-like cells on toe pad
surfaces with mucus channels in between, which are hypothesized to ensure even wetting on the
toe pad surface without a fluid buildup which can lead to lubrication instead of adhesion
(Emerson and Diehl, 1980; Endlein et al., 2013a). Allometric scaling of toe pad or attachment
area can improve cling performance in larger species (Labonte et al., 2016). Claws also act as a
valuable tool when clinging, and the radius and curvature of the claw surface determines to what
angle and on what roughness animals will be able to cling (Zani, 2000). Dry fibrillar pads found
in lizards, insects, and spiders create high cling performance through van der Waals forces
(Autumn et al., 2002; Federle, 2006). Despite a lack of specialized morphology associated with
clinging, performance in salamanders is comparable to or even exceeds that of tree frogs (Barnes
et al., 2006; Emerson and Diehl, 1980; Hanna and Barnes, 1991) on a smooth acrylic substrate.
Salamander cling performance is most likely explained by viscosity and surface tension of the
mucus coating on the salamander skin being used to generate wet adhesive forces.
Successful clinging cannot be attributed to behavioral adaptations to promote and
maintain attachment. Salamanders clinging at the highest angle they are capable of use a variety
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of body surfaces, resulting in a two-fold range of contact area (Table 1.2). Tail, feet, and the
ventral surface of the abdomen and jaw all can be points of contact during clinging (Figure 1.8,
1.9). Unlike tree frogs (Barnes et al., 2006; Emerson and Diehl, 1980; Hanna and Barnes, 1991)
the salamanders examined show no behavioral tendency to add body surface area as the substrate
angle increases, and in general lose surface area at the highest angle compared to their posture
while on a horizontal surface (Table 1.5, Figure 1.7). The high variation in surface area of
attachment during peak cling performance, and the ability by some species to maintain 180º cling
performance despite a loss of up to 53% of body contact area suggests that the amount of
attachment surface needed to maintain attachment is much lower than the total surface area
available in most species. Some species are “overbuilt” for the task of clinging, in particular
small and medium-sized species. Climbing is more challenging than clinging, because
locomotion requires detachment and reattachment of the feet and body, and the maximum angle
at which climbing can occur would naturally be lower than the maximum stationary cling angle.
Feet have been the focus of many studies of adhesion both in salamanders (Adams and
Nistri, 2010; Adams et al., 2017; Alberch, 1981; Green and Alberch, 1981; Jaekel and Wake,
2007; Salvidio et al., 2015) and in other clinging and climbing organisms (Autumn, 2006; Barnes
et al., 2006; Emerson and Diehl, 1980; Federle, 2003; Labonte and Federle, 2015; Labonte et al.,
2016). Baken and Adams found that arboreal salamanders do not differ significantly from
terrestrial species in foot morphology or body shape (Baken and Adams, 2019). The feet of
salamanders contribute only a small portion of the total attachment surface relative to the ventral
surface of the body available for attachment. Some trials reveal that salamanders are capable of
clinging fully inverted using only their feet and a small portion of the tail (Figure 1.8, 1.9) but
also that they are capable of clinging while their feet are detached, overlapping, or partially
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folded (Figure 1.8, 1.9). A surface commonly used in clinging and climbing is the ventral surface
of the jaw (Figure 1.8, 1.9). An anchoring adhesive attachment point on the head may provide a
valuable protection against backward rotation of the head during clinging at vertical and
overhanging angles, preventing the start of a peeling event, which is the typical mode of
detachment.
Clinging in small salamanders
The smallest species, under 1g in body mass, have the highest cling performance, and are
uniformly capable of attaching at 180º. This is not surprising, as scaling principles would
indicate that they have higher surface area per unit volume (and mass) than a larger salamander
of the same shape, and this should result in the lowest stresses acting in shear on vertical surfaces
and in tension on inverted surfaces (Schmidt-Nielsen, 1975). Despite this, Desmognathus
aeneus, Desmognathus ocoee, and Eurycea wilderae show a behavioral tendency at low angles
(approximately 30 to 45 degrees) to reorient their body with the head downslope and to either
jump or laterally undulate downhill and off the test substrate as the angle increased. As these
species are perfectly capable of maintaining attachment at any angle, this behavior is interesting,
and one of the only behaviors seen in these experiments that indicated salamanders were
detecting a change in angle and responding to it. Shear stress experienced by these three species
at peak shear (90º) is similar to that of larger animals (Table 1.3, Figure 1.6), but normal stress at
180º is lowest in these small species (Table 1.4, Figure 1.7). This could be attributable to the fact
that, unlike larger species, at peak cling angle small salamanders are clinging using the same
amount of surface area as they have on the horizontal surface. In large salamanders, loss of
contact surface at increasing angles is often a symptom of increasing shear and normal stresses,
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and a harbinger of cling failure. Unlike larger species, small species show little to no loss of
contact area at increasing angles (Table 1.5, Figure 1.7).
Batrachoseps attenuatus, as an extremely elongate salamander with small body mass and
miniaturized limbs, was expected to show either a strong increase in attachment surface due to its
unusual body shape, or a decrease in performance due to its miniature feet being relatively
useless as an attachment surface. In fact, they show nearly identical cling performance and
surface area to Eurycea wilderae, a salamander of a similar body mass, and experience similar
shear and normal stress at 90º and 180º. In the case of B. attenuatus, the elongate body results in
a long narrow band of attachment surface. In the more generalized body shape of E. wilderae,
the attachment surface is much shorter but much wider; they are less cylindrical in cross section
and more dorsoventrally flattened (Figure 1.9).
Clinging in large salamanders
Body size affects cling performance, as in tree frogs, with the largest species having the
worst cling performance (Table 1.1, Figure 1.2, 1.3). Failure to cling at angles less than 90º can
be attributable to the increase in shear stress with increasing angle, which explains cling failures
in Ambystoma gracile, as well as some failures by individuals of Aneides lugubris, Ensatina
eschscholtzii, Ambystoma maculatum and Pseudotriton ruber. While the exact shear stress at the
moment of failure was not measured in the current experiments, only species with measured
shear stresses over 0.25 kPa fail at angles less than 90º (Table 1.3, Figure 1.5). Even in cling
failures between 90º and 135º shear stress predominates and failure is due to peeling, which often
initiates at the tip of the jaw or the most uphill portion on the head and rapidly propagates
downward, resulting in detachment. One explanation is that the small normal stress acting on the
animal normal to the substrate is sufficient to begin the peeling event. The largest species
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experience the largest torques (Cartmill, 1985); in addition, the largest species show the highest
loss of surface area between their horizontal posture and their last measured angle before
detachment, which likely contributes to their rapid detachment (Table 1.5, Figure 1.7).
Clinging in Ambystomatidae
Ambystomatid species (A. maculatum and A. gracile) have the lowest recorded
performance of any species tested. They frequently fail at angles less than 90º and, while the
peak recorded shear stresses (Table 1.3, Figure 1.5) are within the range experienced by
plethodontid species, their highest measured shear stress occurs mostly at angles of 45º. Shear
force would continue to increase between 45º and 90º, resulting in higher shear stress that those
experienced by all the smaller, better clinging species, and resulting in detachment. There may
also be species-specific differences in body mucus viscosity and its shearing properties.
Ambystoma gracile has a similar body weight as Ambystoma maculatum, but significantly more
contact surface area (Table 1.6). Ambystoma gracile is also the only species that routinely adds
substantial surface area of attachment between the horizontal and 45º condition, which results in
lower shear stress than A. maculatum (Table 1.6). However, A. gracile fails at significantly lower
angles than A. maculatum (Table 1.6). Potentially, this could be evidence that A. gracile’s mucus
coating could be chemically different, and less resistant to shearing than that of A. maculatum.
Clinging in a ventrally flattened species
Desmognathus quadramaculatus is unusual in that it is a large species with high cling
performance. They cling better than similarly sized Ensatina eschscholtzii (Table 1.6). Shear
stress at 90º in D. quadramaculatus is lower than in E. eschscholtzii and surface area of
attachment is much larger (Table 1.6). This can potentially be attributed two main differences
between the two species: first, that the posture of D. quadramaculatus is much more sprawled
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posture than that of E. eschscholtzii (Figure 1.9). In fact, when sedated and laid on the acrylic in
a prone posture, E. eschscholtzii not only had a much higher area of contact, but also has a much
higher cling performance than when unsedated (Figure 1.9, personal obs). In addition, D.
quadramaculatus occupies streambed habitats, and is frequently found beneath rocky bed
elements. It has a ventrally flattened profile, which may result in a body mass distributed across a
larger ventral surface area than the more cylindrical trunk of E. eschscholtzii (3.96 to 3.27 times
as much surface area of attachment, Table 1.2). Sprawled posture and shorter limbs may also
decrease torques acting on the body at increasing angles, reducing the risk of detachment by
peeling. In fact, D. quadramaculatus shows a small net gain in surface area between the
horizontal and peak cling angle (Table 1.5, Figure 1.7). Failure at high angles of attachment can
be attributed to the increasing tensile force acting on the body-mucus-substrate interface. While
normal stress at the angle of failure is similar to that experienced by other species with better
cling performance, peak normal stress does not reach that of the largest inverted clinging species,
Bolitoglossa franklini.
Clinging in Bolitoglossa
As the largest species that can cling fully inverted, the cling performance of Bolitoglossa
franklini is of particular note. They show a similar amount and range of surface area of
attachment as Plethodon metcalfi, the closest tested species in terms of body size, but they
significantly outperform P. metcalfi by 20 - 30º (Table 1.6, 1.1, 1.2, Figure 1.2). Bolitoglossa
franklini do not have the most surface area per unit body mass, nor the lowest shear and normal
stress (Table 1.2, 1.3, 1.4, Figure 1.5, 1.6). Their high performance cannot be attributed to
behavioral adaptations to increase surface area; they show a similar two-fold range of surface
area during peak cling performance seen in most other species (Table 1.2). This species does not
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behaviorally add surface area at increasing angles by assuming a more crouched posture or
adhering additional body parts to the surface, as is seen in tree frogs (Table 1.5, Figure 1.7,
Emerson and Diehl, 1980; Hanna and Barnes, 1991). They experience similar shear stresses at
90º as other species within their size range (Table 1.3, Figure 1.5), but continue to lose surface
area of attachment at increasing angles (Table 1.5, Figure 1.7). Their normal stress at 180º is
larger than any other species that can cling inverted but is not significantly different from
stresses experienced just prior to failure by Plethodon metcalfi at its peak measured cling angle
of 135º (Table 1.4, 1.6). This could mean that despite losing up to 32% of their surface area,
Bolitoglossa franklini retain sufficient surface area to attach at 180º. However, the facility with
which these salamanders cling, and the large body sizes at which they can successfully cling to
180º (11.5g, in one case) suggest either that Bolitoglossa franklini mucus is chemically and
mechanically different from other tested salamanders (i.e., they are stickier)., or they are
responding behaviorally to clinging by using their attachment surfaces differently than other
species, and as a result, they have to capacity to resist greater normal stresses
Conclusions
Plethodontid salamanders are capable of fully inverted clinging to smooth surfaces across
a range of body sizes, morphologies, and ecological niche. Their use of elevated and inclined
habitat is well documented, and these experiments support the conclusion that salamander
clinging (and, perhaps, climbing) performance is equal to or exceeds that of arboreal and
scansorial frogs. Many portions of the body surface can be used in successful clinging, including
the ventral surface of the jaw, trunk, and tail, as well as the feet. Unlike in tree frogs, species
behaviorally respond very little to increases in substrate angle such that total cling surface and
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maximum cling performance are largely determined by body shape and posture at 0º
(horizontal).
Salamander cling performance is impacted by the scaling of surface area of attachment to
body mass, which determines the stresses acting on the mucus-substrate-skin interface. The
smallest salamanders experience the lowest shear and normal stress and are able to resist these
stresses to cling fully inverted. In the ambystomatid outgroup, and in the largest tested species of
salamanders, cling performance fails at lower angles. Larger salamanders attach with less surface
area per unit body mass, experience higher shear and normal stresses, and show decreasing
amounts of attached surface at increasing angles. As a result, large salamanders fail at lower
angles, due to peeling.
Species-specific high cling performance gives evidence that some salamanders may have
unique morphological or chemical traits that can affect their ability to cling. In the case of
Ambystoma gracile, low performance despite moderate shear stress and high surface area of
attachment suggest their mucus is more susceptible to shearing stress than other species.
Desmognathus quadramaculatus, in comparison to similarly sized Ensatina eschscholtzii, clings
to significantly higher angle, as the result of a more sprawling posture and more ventrally
flattened profile that increase surface area of attachment. The highest cling performance was
found in Bolitoglossa franklini, which appears to be especially sticky or using unique
morphology or behavior; investigation into the mechanism of attachment and the material
properties of secreted mucus may reveal differences in composition and adhesive properties.
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Table 1.1 - Species' cling performance, body size, and ecology. Species' maximum cling angle in degrees, mean and standard error of the mean
for body mass in grams, snout-vent length in millimeters, and total body length in millimeters (measured from the tip of the jaw to the tip of the
tail). Habitat classification and climbing classification as described in text. Number of individuals tested indicated as N.

Species

N

Maximum Cling
Angle (º)

Body Mass
(g)

Snout Vent Length
(mm)

Total Body Length
(mm)

Habitat Classification

Climbing Classification

Ambystoma gracile

5

76 ± 5

26.43 ± 5.63

176.40 ± 17.73

81.00 ± 8.03

Fossorial, Terrestrial

Not known to be scansorial

Ambystoma maculatum

5

97 ± 6

28.80 ± 3.05

101.38 ± 4.97

198.36 ± 8.14

Terrestrial

Not known to be scansorial

Aneides aeneus

5

171 ± 6

1.76 ± 0.40

43.76 ± 2.38

93.88 ± 7.35

Saxicolous

Scansorial

Aneides flavipunctatus

5

162 ± 12

3.30 ± 2.38

58.61 ± 6.25

106.90 ± 10.97

Terrestrial

Scansorial

Aneides lugubris

5

114 ± 13

11.16 ± 0.41

89.51 ± 4.82

160.82 ± 10.23

Arboreal, Terrestrial

Scansorial

Aneides vagrans

2

180 ± 0

2.10 ± 1.01

73.50 ± 20.50

158.50 ± 55.50

Arboreal

Scansorial

Batrachoseps attenuatus

12

177 ± 3

0.79 ± 0.07

42.27 ± 1.36

97.28 ± 4.90

Terrestrial

Scansorial

Bolitoglossa franklini

16

180 ± 0

3.29 ± 0.75

54.66 ± 2.83

94.63 ± 5.49

Arboreal, Terrestrial

Scansorial

Desmognathus aeneus

14

178 ± 2

0.36 ± 0.04

16.05 ± 3.86

29.18 ± 7.02

Terrestrial

Scansorial

Desmognathus ocoee

16

180 ± 0

0.88 ± 0.17

20.12 ± 5.33

39.91 ± 10.67

Semiaquatic

Scansorial

Desmognathus
quadramaculatus

30

166 ± 4

7.60 ± 0.98

38.23 ± 7.74

60.38 ± 12.96

Semiaquatic

Scansorial

Ensatina eschscholtzii

26

101 ± 3

6.38 ± 0.60

80.00 ± 2.37

92.23 ± 8.25

Terrestrial

Scansorial

Eurycea guttolineata

6

178 ± 2

0.86 ± 0.31

35.72 ± 3.72

91.20 ± 11.59

Semiaquatic

Not known to be scansorial

Eurycea lucifuga

7

180 ± 0

2.68 ± 0.15

12.94 ± 0.54

5.36 ± 0.17

Troglodytic

Not known to be scansorial

Eurycea wilderae

10

180 ± 0

0.60 ± 0.06

34.37 ± 3.67

75.51 ± 8.79

Semiaquatic

Scansorial

Hydromantes
platycephalus

12

164 ± 6

2.27 ± 0.42

5.45 ± 0.37

7.53 ± 0.91

Saxicolous, Terrestrial

Not known to be scansorial

Plethodon elongatus

6

175 ± 5

2.31 ± 0.27

94.83 ± 3.93

49.83 ± 2.61

Saxicolous, Terrestrial

Not known to be scansorial

Plethodon metcalfi

30

167 ±4

3.42 ± 0.30

5.92 ± 0.19

11.03 ± 0.41

Terrestrial

Scansorial

Pseudoeurycea leprosa

7

168 ±10

1.29 ± 0.17

42.18 ± 2.78

78.76 ± 6.83

Terrestrial

Scansorial

Pseudotriton ruber

14

101 ± 7

11.66 ± 0.47

82.52 ± 1.95

135.90 ± 4.07

Semiaquatic

Scansorial

31

Table 1.2 - Maximum cling performance and surface area. Species' mean and standard error of the mean for maximum cling angle, maximum
surface area of attachment during peak cling performance, and minimum surface area of attachment during peak cling performance. Number
of individuals tested for cling performance indicated as N.

Species

N

Cling Angle (°)

Body Mass (g)

Maximum Surface
Area (mm^2)

Minimum Surface
Area (mm^2)

Difference (%)

Ambystoma gracile

4

45 ± 0

27.28 ± 2.99

1521.5 ± 317.3

627.1 ± 107.2

59

Ambystoma maculatum

5

54 ± 9

28.84 ± 2.64

401.8 ± 49.3

350.8 ± 28.2

13

Aneides aeneus

4

101 ± 11

1.71 ± 0.51

250.7 ± 34.6

110.0 ± 24.0

56

Aneides flavipunctatus

5

138 ± 15

3.19 ± 2.27

155.9 ± 49.8

98.1 ± 17.4

37

Aneides lugubris

2

90 ± 0

11.21 ± 1.49

435.0 ± 17.2

194.0 ± 108.7

55

Aneides vagrans

2

180 ± 0

2.10 ± 1.01

164.6 ± 30.7

120.6 ± 14.3

27

Batrachoseps attenuatus

6

180 ± 0

0.81 ± 0.14

101.8 ± 7.8

69.9 ± 8.9

31

Bolitoglossa franklini

11

173 ± 5

4.40 ± 1.18

294.1 ± 26.9

196.2 ± 22.8

33

Desmognathus aeneus

6

180 ± 0

0.30 ± 0.05

57.8 ± 12.3

43.3 ± 8.9

25

Desmognathus ocoee

9

180 ± 0

0.45 ± 0.11

113.9 ± 21.7

52.8 ± 9.2

53

Desmognathus quadramaculatus

22

151 ± 10

7.40 ± 1.15

423.8 ± 38.6

348.9 ± 41.8

18

Ensatina eschscholtzii

6

65 ± 9

6.59 ± 1.29

129.8 ± 35.3

88.0 ± 25.4

32

Eurycea guttolineata

3

160 ± 20

0.69 ± 0.07

85.6 ± 28.2

48.3 ± 17.4

44

Eurycea lucifuga

7

180 ± 0

2.68 ± 0.15

-

247.0 ± 33.7

-

Eurycea wilderae

6

180 ± 0

0.75 ± 0.02

107.7 ± 16.1

70.1 ± 13.9

35

Hydromantes platycephalus

12

101 ± 13

2.27 ± 0.42

-

88.8 ± 19.1

-

Plethodon elongatus

5

153 ± 18

2.44 ± 0.29

181.4 ± 16.4

149.9 ± 27.0

17

Plethodon metcalfi

19

152 ± 9

4.27 ± 0.71

256.4 ± 30.2

197.3 ± 20.7

23

Pseudoeurycea leprosa

11

123 ± 14

1.12 ± 0.13

85.3 ± 11.7

79.2 ± 12.1

7

Pseudotriton ruber

6

65 ± 11

10.15 ± 0.77

247.6 ± 48.3

205.3 ± 24.2

17

32

Table 1.3 - Shear stress. Species' mean and standard error of the mean shear stress in kiloPascals. Cling angle is reported as 90+ if mean
cling angle of all trials exceeded 90º (where shear forces are maximal). Species average maximum and minimum shear stress calculated
from individual's maximum cling performances. Number of individuals tested for surface area of attachment indicated as N.

Species

N

Mean Cling Angle (°)

Maximum Shear Stress
(kPa)

Minimum Shear Stress
(kPa)

Difference (%)

Ambystoma gracile

4

45

0.33 ± 0.07

0.14 ± 0.03

58

Ambystoma maculatum

5

54

0.62 ± 0.06

0.56 ± 0.06

10

Aneides aeneus

4

90+

0.16 ± 0.03

0.06 ± 0.01

62

Aneides flavipunctatus

5

90+

0.48 ± 0.40

0.14 ± 0.06

71

Aneides lugubris

2

90

0.76 ± 0.35

0.26 ± 0.02

66

Aneides vagrans

2

90+

0.16 ± 0.06

0.12 ± 0.04

26

Batrachoseps attenuatus

6

90+

0.11 ± 0.01

0.07 ± 0.01

37

Bolitoglossa franklini

11

90+

0.21 ± 0.04

0.19 ± 0.03

9

Desmognathus aeneus

6

90+

0.07 ± 0.01

0.06 ± 0.01

16

Desmognathus ocoee

9

90+

0.09 ± 0.01

0.04 ± 0.0

56

Desmognathus quadramaculatus

22

90+

0.19 ± 0.02

0.16 ± 0.02

16

Ensatina eschscholtzii

6

65

0.69 ± 0.09

0.56 ± 0.13

19

Eurycea guttolineata

3

90+

0.16 ± 0.03

0.11 ± 0.04

32

Eurycea lucifuga

7

90+

-

0.12 ± 0.02

-

Eurycea wilderae

6

90+

0.13 ± 0.03

0.09 ± 0.03

30

Hydromantes platycephalus

12

90+

-

0.26 ± 0.05

-

Plethodon elongatus

5

90+

0.17 ± 0.02

0.13 ± 0.01

24

Plethodon metcalfi

19

90+

0.24 ± 0.03

0.17 ± 0.02

29

Pseudoeurycea leprosa

11

90+

0.17 ± 0.03

0.14 ± 0.02

17

Pseudotriton ruber

6

65

0.44 ± 0.09

0.42 ± 0.1

4

33

Table 1.4 - Normal stress. Species' mean and standard error of the mean normal stress in kiloPascals. Species average maximum
and minimum normal stress calculated from individual's maximum cling performances. Number of individuals tested for surface
area of attachment indicated as N.

Species

N

Mean Cling
Angle (°)

Maximum Normal Stress
(kPa)

Minimum Normal Stress
(kPa)

Difference (%)

Aneides aeneus

1

135 ± 0

0.07 ± 0.0

0.04 ± 0.0

43

Aneides flavipunctatus

4

150 ± 12

0.07 ± 0.01

0.07 ± 0.01

0

Aneides vagrans

2

180 ± 0

0.16 ± 0.06

0.12 ± 0.04

25

Batrachoseps attenuatus

6

180 ± 0

0.11 ± 0.01

0.07 ± 0.01

36

Bolitoglossa franklini

11

173 ± 5

0.20 ± 0.03

0.18 ± 0.03

10

Desmognathus aeneus

6

180 ± 0

0.07 ± 0.01

0.06 ± 0.01

14

Desmognathus ocoee

9

180 ± 0

0.09 ± 0.01

0.04 ± 0.0

56

Desmognathus quadramaculatus

17

174 ± 3

0.15 ± 0.01

0.11 ± 0.01

27

Eurycea guttolineata

3

160 ± 20

0.13 ± 0.04

0.08 ± 0.01

38

Eurycea lucifuga

7

180 ± 0

-

0.12 ± 0.02

-

Eurycea wilderae

6

180 ± 0

0.13 ± 0.03

0.09 ± 0.03

31

Hydromantes platycephalus

3

165 ± 15

-

0.18 ± 0.05

-

Plethodon elongatus

4

169 ± 11

0.16 ± 0.03

0.12 ± 0.01

25

Plethodon metcalfi

14

174 ± 4

0.17 ± 0.02

0.14 ± 0.01

18

Pseudoeurycea leprosa

4

180 ± 0

0.12 ± 0.04

0.12 ± 0.04

0

34

Table 1.5 - Change in surface area of attachment. Mean and standard error of the mean for species maximum cling angle and surface area of
attachment in millimeters, calculated from all individuals' cling performance during surface area trials. Total number of trials per species
indicated.

Species

Trials

Cling Angle (°)

Surface Area at Maximum
Cling Angle (mm^2)

Surface Area at 0
Horizontal (mm^2)

Difference
(%)

Ambystoma gracile

18

45 ± 0.0

995.6 ± 115.7

805.9 ± 77.2

23

Ambystoma maculatum

10

50 ± 5

391.3 ± 28.5

661.3 ± 49.5

-40

Aneides aeneus

12

98 ± 5

165.2 ± 24.9

171.0 ± 26.7

-3

Aneides flavipunctatus

25

103 ± 5

155.5 ± 14.9

220.4 ± 37.2

-29

Aneides lugubris

8

90 ± 0.0

294.5 ± 51.8

428.6 ± 37.1

-31

Aneides vagrans

10

158 ± 12

133.8 ± 15.4

185.3 ± 24.4

-27

Batrachoseps attenuatus

23

172 ± 5

82.9 ± 5.3

83.4 ± 7.9

-1

Bolitoglossa franklini

53

139 ± 5

264.7 ± 15.6

386.6 ± 27.5

-32

Desmognathus aeneus

25

137 ± 9

54.4 ± 6.3

64.0 ± 7.9

-15

Desmognathus ocoee

44

171 ± 4

82.1 ± 7.0

92.4 ± 10.2

-11

Desmognathus quadramaculatus

84

139 ± 5

346.6 ± 19.9

335.4 ± 22.5

2

Ensatina eschscholtzii

13

57 ± 5

130.5 ± 28.1

184.5 ± 29.4

-29

Eurycea guttolineata

10

162 ± 10

69.0 ± 12.5

71.1 ± 11.8

-3

Eurycea lucifuga

7

180 ± 0.0

247.0 ± 33.7

-

-

Eurycea wilderae

19

167 ± 6

81.5 ± 9.5

95.4 ± 10.2

-15

Hydromantes platycephalus

13

100 ± 12

148.1 ± 61.9

150.7 ± 24.7

-2

Plethodon elongatus

25

115 ± 7

168.1 ± 9.3

215.2 ± 12.4

-22

Plethodon metcalfi

72

136 ± 5

194.5 ± 10.4

205.4 ± 8.7

-5

Pseudoeurycea leprosa

14

102 ±16

82.3 ± 10.0

79.0 ± 9.6

4

Pseudotriton ruber

8

56 ± 10

250.3 ± 36.9

483.5 ± 63.3

-48

35

Table 1.6 - Statistical results. Results of pairwise comparison wilcoxon rank sum test from specific species
pairs. Number of individuals indicated as N. Median of differences and 95% confidence internals reported with
test statistic W and p-value.
Species

N

Batrachoseps attenuatus

12

Eurycea wilderae

10

Ambystoma gracile

5

Ambystoma maculatum
Desmognathus
quadramaculatus
Ensatina eschscholtzii

5
30

Bolitoglossa franklini

16

Plethodon metcalfi

30

Batrachoseps attenuatus

6

Eurycea wilderae

6

Ambystoma gracile

4

Ambystoma maculatum
Desmognathus
quadramaculatus
Ensatina eschscholtzii

5
22

Bolitoglossa franklini

11

Plethodon metcalfi

19

Batrachoseps attenuatus

6

Eurycea wilderae

6

Ambystoma gracile

4

Ambystoma maculatum
Desmognathus
quadramaculatus
Ensatina eschscholtzii
Bolitoglossa franklini

5

Plethodon metcalfi

Effect

Median of
Differences

95% CI

W

P-Value

Cling Angle (º)

0

0

55

0.41

Cling Angle (º)

-20

-40 to 0

2

0.034

Cling Angle (º)

70

60 to 85

753

0.01 x 10 ^
-8

Cling Angle (º)

0.0001

0 to 15

320

0.01

Maximum Surface Area (mm^2)

-6.8

-45.8 to 30.5

9

0.18

Maximum Surface Area (mm^2)

905.6

550.4 to
2089.5

20

0.016

Maximum Surface Area (mm^2)

257.6

132.3 to 445.4

129

0.04 x 10 ^
-3

Maximum Surface Area (mm^2)

48.9

-12.4 to 117.8

141

0.12

Minimum Surface Area (mm^2)

0.2

-42.8 to 39.2

18

1

Minimum Surface Area (mm^2)

204.7

67.4 to 631.5

20

0.02

Minimum Surface Area (mm^2)

208.8

102.o to 425.4

126

0.02 x 10 ^
-2

Minimum Surface Area (mm^2)

20.3

-32.3 to 79.6

122

0.47

26

6

22
6
11
19

36

Table 1.6 (continued)
Species

N

Comparison

95% CI

W

P-Value

Body Mass (g)

Median of
Differences
0.2

Batrachoseps attenuatus

12

-0.02 to 0.44

85

0.11

Eurycea wilderae

10

Ambystoma gracile

5

Body Mass (g)

0.45

-20.73 to 12.80

13

1

Ambystoma maculatum

5

Desmognathus
quadramaculatus
Ensatina eschscholtzii

30

Body Mass (g)

0.45

-1.47 to 3.43

418.5

0.65

Bolitoglossa franklini

16

Body Mass (g)

-0.78

-1.70 to 0.18

172

0.2

Plethodon metcalfi

30

Batrachoseps attenuatus

6

Maximum Shear Stress (mN/mm^2)

0.002

-0.10 to 0.05

18

1

Maximum Shear Stress (mN/mm^2)

-0.28

-0.53 to 0.02

2

0.06

Maximum Shear Stress (mN/mm^2)

-0.46

-0.60 to -0.36

1

0.01 x 10 ^
-3

Maximum Shear Stress (mN/mm^2)

-0.03

-0.10 to 0.04

79

0.29

Minimum Shear Stress (mN/mm^2)

-0.004

-0.12 to 0.04

17

0.94

Minimum Shear Stress (mN/mm^2)

-0.48

-0.56 to -0.19

0

0.02

Minimum Shear Stress (mN/mm^2)

-0.4

-0.64 to -0.12

6

0.02 x 10 ^
-2

Minimum Shear Stress (mN/mm^2)

0.01

-0.04 to 0.08

114

0.7

Maximum Normal Stress (mN/mm^2)

0.002

-0.10 to 0.05

18

1

Maximum Normal Stress (mN/mm^2)

-0.004

-0.06 to 0.10

74

0.89

Minimum Normal Stress (mN/mm^2)

-0.004

-0.12 to 0.04

17

0.94

Minimum Normal Stress (mN/mm^2)

0.031

-0.02 to 0.09

103

0.17

26

Eurycea wilderae

6

Ambystoma gracile

4

Ambystoma maculatum

5

Desmognathus
quadramaculatus
Ensatina eschscholtzii

22

Bolitoglossa franklini

11

Plethodon metcalfi

19

Batrachoseps attenuatus

6

Eurycea wilderae

6

6

Ambystoma gracile

4

Ambystoma maculatum

5

Desmognathus
quadramaculatus
Ensatina eschscholtzii

22

Bolitoglossa franklini

11

Plethodon metcalfi

19

Batrachoseps attenuatus

6

Eurycea wilderae

6

Bolitoglossa franklini

11

Plethodon metcalfi

14

Batrachoseps attenuatus

6

Eurycea wilderae

6

Bolitoglossa franklini

11

Plethodon metcalfi

14

6

37

38

39

40

41

42

43

44

45

46

II.

Mechanisms of Attachment

Abstract
The attachment mechanisms which animals use determine maximum performance as well
as the range of substrates on which clinging is possible. Salamanders lack claws, setae, and toe
pads found on many other arboreal and scansorial species, and as a result, the potential
mechanisms which salamanders may use to cling to surfaces are limited to suction and wet
adhesion via the mucus coating their skin. Salamanders were tested for the ability to use suction
to enhance attachment to brass substrates of identical surface area with and without pores.
Salamanders were found to have no significant difference in cling performance on porous and
non-porous surfaces, indicating suction does not contribute to salamander attachment. The shear
and normal stress resistance of salamander mucus coating was tested. All tested species of
salamanders were found to have similar shear and normal stress resistant mucus, despite
significant differences in whole animal performance. Significant differences in salamander cling
performance result from differences in stress acting on the substrate-mucus-skin interface due to
differences in salamander body size, attachment surface area, and behavior, rather than from
differences in the shear and adhesive capabilities of the mucus layer.
Introduction
Adhesion plays a vital role in biology; attachment between surfaces is required for many
aspects of feeding, locomotion, and reproduction. Many different mechanisms of adhesion have
been identified in biology, each requiring certain structures in order to function. Geckos can walk
and run fully inverted due to the hierarchical arrangement of fibers in their toe pads that enable
them to attach via intermolecular van der Waals forces (Autumn et al., 2002; Hamilton et al.,
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2000). Tree frogs and some bats adhere by wet adhesive; secreted mucus on special pads resists
forces of detachment by its viscosity and surface tension (Emerson and Diehl, 1980; Hanna and
Barnes, 1991; Riskin and Racey, 2010). Claws occur in many taxa, and by interlocking with
surface projections or by piercing the attachment substrate itself, create new points of contact
which prevent detachment and allow animals to grasp the surfaces of mates, predators, prey, and
habitat (Dai et al., 2002; Wolff and Gorb, 2011; Zani, 2000). Biological suction cups form a seal
with the substrate and generate subambient pressure regions that pull the animal to the
attachment surface (Beckert et al., 2015; Ditsche et al., 2014a; Fulcher and Motta, 2006; Maie et
al., 2012; Riskin and Racey, 2010). Insects and arachnids use bristles, fibers, pads, and hooks to
achieve versatile attachment on a variety of surfaces through the use of wet adhesion, dry
adhesion, suction, mechanical interlocking, and friction (Federle, 2002; Walker, 1993). As the
study of biological attachment mechanisms progresses, the minimal tools needed to achieve
attachment to certain substrates or under certain conditions are becoming better understood. New
mechanisms of attachment are identified, and basic principles of adhesion and attachment are
described. In this study, we investigate salamander adhesion to understand the mechanisms by
which they attach to surfaces and characterize the function and strength of these attachments.
Salamanders play a valuable role in the study of locomotion. They have been used as a
proxy for the study of early tetrapods, giving researchers insight into the capabilities of ancestral
species (Kawano and Blob, 2013). They can also play a valuable role in the study of adhesion
and climbing. Salamanders inhabit diverse ecological niches, with fully aquatic and semi-aquatic
species as well as terrestrial, fossorial, troglodytic, scansorial, and arboreal species (Petranka,
1998; Wells, 2007). Arboreality has repeatedly evolved, and the facultative use of climbing
behavior during the search for food, shelter, and reproductive opportunities has resulted in
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animals across the full spectrum of climbing ability and climbing frequency (Bradley and Eason,
2018; Forsman and Swingle, 2007; Jaeger, 1978; Legros, 2013; Lunghi et al., 2014; Spickler et
al., 2006). Previous investigation into their foot morphology has shown that in addition to
lacking claws, salamanders don’t have the fibrillar pads used in dry adhesion, or the pillar-like
structure of other arboreal amphibian wet adhesive pads(Green, 1981; Green and Alberch, 1981).
On smooth surfaces, maintaining attachment by interlocking the toes with asperities in the
substrate is impossible. But the mucus coating on salamanders which helps prevent desiccation,
promote the diffusion of oxygen, and deter predation can also act as an adhesive gel.
The salamander mucus layer is likely to be thin, as most tested species of salamanders
show little or no slipping while clinging to a vertical surface (Chapter 1). Thin fluid films are
more resistant than thick films to flowing or shearing, due to boundary layer effects.
Salamanders also show significantly reduced performance on surfaces with low levels of
roughness (300 – 355 µm grain diameter), which suggests the mucus is viscous and does not
flow into these fine-scale surface irregularities and generate attachment surface (Chapter 3). As a
result, salamander mucosal adhesion may be resistant to shear stresses due to the no slip
condition at the interface between the salamander skin, the mucus, and the substrate. The viscous
properties of mucus generally allow it to produce strong resistance at low shear rates (Lai et al.,
2009). Viscosity and surface tension of the gel may also resist forces applied normal to the
attachment surface, such as the tension produced by gravity acting on an animal clinging to an
inverted surface. The gel will resist flowing between two surfaces (in this case the salamanders
skin and the substrate) and the surface tension will resist the expansion of the surface at the
edges of the mucus layer (Stefan, 1874; Vogel, 2003). Combined, these adhesion forces can
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determine the behavior of the mucus and the shear and normal stresses it resists, preserving the
attachment between the salamander and the substrate.
Bolitoglossan salamanders often occupy arboreal habitats and exhibit partially and fully
webbed feet. The facility with which these species climb obstacles and attach to smooth surfaces,
as well as the partially and fully webbed foot morphology which has repeatedly evolved within
the genus has led to the hypothesis that these species were enhancing their attachment by suction
generated under the feet (Alberch, 1981). In 1981, Alberch tested cling performance in 13
species of bolitoglossan salamander, and found that salamanders were capable of clinging fully
inverted, and that fully webbed species outperformed partially webbed species (Alberch, 1981).
In addition, pressure readings collected during inverted walking showed positive pressure during
the initial placement of the foot, but negative pressure during the stance phase of the footstep.
The high performance combined with this indication of subambient pressure under the feet
during attachment led Alberch to conclude that salamanders were using suction to attach to
smooth surfaces (Alberch, 1981).
There are some indications, however that despite Alberch’s evidence, salamanders may
not be using suction to enhance attachment. On smooth and lightly roughened surfaces, mucus
can act sometimes as a sealant to prevent fluid leakage in suction systems (Ditsche et al., 2014b;
Wainwright et al., 2013), and sometimes as an adhesive (Endlein et al., 2013a; Hanna and
Barnes, 1991; Riskin and Racey, 2010; Rosenberg and Rose, 2011). During inverted walking,
tensile forces acting on the salamander and on the mucus attachment between the salamander and
the substrate would create subambient pressure readings, in the absence of true suction, which
requires changes in the volume of the suction cup to create the low pressure. Salamander feet
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also do not have the concave cup surface or the fleshy lip characteristic of biological suction
cups (Green and Alberch, 1981).
In this study, salamanders were tested to determine if suction is generated by salamander
feet and if it contributes to higher cling performance, by measuring cling performance on porous
and non-porous surfaces. It was predicted if salamanders have evolved the ability to use their
smooth, partially webbed feet to generate suction, it will confer a performance advantage when
clinging to a substrate in comparison to a substrate with identical surface area where suction is
impossible. Secondly, the material properties of the mucus layer coating their bodies were also
tested by quantifying the maximum shear and normal stress salamanders could resist on a smooth
acrylic surface. Shear and normal stress resisted was quantified in 13 species of salamanders
from family Plethodontidae and Ambystomatidae. The amount of ventral surface area available
for salamanders to use in attaching to substrates was measured, in order to draw conclusions
about how salamander morphology and behavior interact with the chemical and physical
properties of the mucus layer and the substrate to determine cling performance.
Methods
Animals
Animals were collected from natural populations in Chiapas, Mexico, and California and
North Carolina, USA. Salamanders were housed individually in plastic enclosures on a substrate
of damp unbleached paper towels at 16ºC to 21°C on a 12h:12h light schedule. Species were fed
on a diet of vitamin-dusted crickets or fruit flies, depending on size. Sixty-seven individuals from
thirteen species were used in the study (Table 2.1). All procedures were approved by the
Institutional Animal Care and Use Committee (IACUC) of the University of South Florida
(IACUC #IS00003067).
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Suction test
Animals were removed from their enclosures by hand and placed on a sheet of perforated
brass (McMaster-Carr, Elmhurst, IL, USA) fixed into a wooden frame and mounted two tripods
(MeFoto Roadtrip, Benro, North White Plains, New York, USA) at an angle of 0º. The 0.041
mm diameter holes in the brass resulted in a 22% reduction in the surface area of the sheet. One
side of the sheet formed the “no suction” treatment, and holes in the sheet extended from one
side to the other such that multiple holes would always be present under salamanders’ feet and
body during attachment. The other half of the sheet formed the “suction possible” treatment; on
the reverse side, all the holes had been individually sealed by a coating of roof sealant tape
(Eternabond Roof Seal, Amazon, Seattle, WA, USA). The tape was affixed and smoothed down
such that the thick adhesive coating under the tape did not extend into and past the holes to reach
the salamander but did form an individual seal around the rim of each hole, which was visible
when the tape was removed. The seal was confirmed using a small rubber suction cup, which
adhered to the sealed sheet but not the unsealed sheet.
All animals were oriented in the same direction, facing away from the point of rotation,
resulting in a head-up orientation at any angle between 0 and 180º. After a 30-second
acclimation period, the acrylic was rotated by hand at a rate of approximately three degrees per
second until the animal detached or until fully inverted (angle of 180º). If the animal achieved an
angle of 180º, a stopwatch recorded cling time up to 60 seconds, at which time the trial ended.
The angle at which the animal detached was documented and animals were returned immediately
to their enclosures.
Animals were tested in no more than three trials per day with a wait time of at least three
hours between trials. Trials in which animals reoriented to a head downward position or
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voluntarily jumped off were not analyzed. The order of the suction treatments was randomized.
Each individual was tested in five trials per suction treatment. Peak cling performance was
defined as the highest angle between 0º and 180° to which the animal was able to maintain
attachment to the surface. Peak cling performance from each individual on each suction
treatment was used in the statistical analyses (below).
Parallel (shear) stress test
Animals were removed from their enclosures by hand, placed into an airtight enclosure
with damp, unbleached paper towels, and anesthetized by exposure to 0.1 – 0.3 ml of isoflurane
evaporated in a sealed 15 cm × 11 cm × 5.5 cm glass container for 15 minutes. After 15 minutes,
animals were tested for a righting reflex by being placed in a supine position for a period of two
minutes.
Following anesthesia, a strip of teflon tape (1/2” thread seal tape, Home Depot, Atlanta,
GA, USA) was secured around animal’s trunk anterior to the pelvic girdle, and animals were
placed on a sheet of parchment paper resting on a clean, dry acrylic sheet (Plaskolite Optix,
Columbus, Ohio, USA) mounted in a wooden frame at an angle of 0º. LED strip lights (Linkable
Single Color Indoor LED Flexible Tape Light Kit, Home Depot, Atlanta, GA, USA) were
mounted on the flame-polished edges of the acrylic on all four sides so that the light passed into
the plane of the acrylic sheet and was trapped via frustrated total internal reflection (Betts et al.,
1980; Endlein et al., 2013a). When animals were placed in contact with the acrylic, ventral
attachment surfaces in intimate contact with the acrylic were illuminated by LED light and
strongly contrasted with areas not in contact.
Salamanders were placed such that only their ventral surface of their jaw was in contact
with the acrylic, because adhesion using the jaw as an attachment surface has been commonly
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observed (Chapter 1). Contact between the jaw and the acrylic created the potential for wet
adhesion and use of the jaw as the adhesion surface allowed shearing forces to be applied to a
single adhesion surface directly along the anterior midline of the body. A calibrated spring scale
(Pesola precision scales, 10g or 60g, Amazon, Seattle, WA, USA) was attached to the “belt”
surrounding the salamander trunk at the pelvic girdle. After a 10s settling period, the spring scale
was pulled posteriorly (at a rate of 6 mm/s) using a force parallel to the acrylic substrate until the
salamander detached by peeling or until the salamander had slid 5 cm. Salamanders’ illuminated
attachment surface during the shear test, as well as the force measured on the spring scale were
recorded using an iPhone 6 or iPhone SE (Apple, Cupertino, California, USA) at 30 fps mounted
on a wooden frame perpendicular to the acrylic substrate.
Total shear force was calculated as the recorded force indicated on the spring scale in the
frame immediately prior to the start of sliding or peeling. Values were converted from grams to
Newtons by multiplying by 0.0098. Because a portion of the salamander’s body weight was
resting on a sheet of parchment paper on the acrylic surface, force of friction was subtracted
from total shear force to find the shear force being resisted by the salamander mucus layer prior
to sliding or peeling. The coefficient of static friction between parchment paper and acrylic was
determined by tilting the acrylic sheet until a weight resting on a parchment paper sheet slid
down the acrylic surface. Shear force was calculated as the total shear force minus the force of
friction for each trial. Shear stress (in kPa) was calculated by dividing shear force by the surface
area of attachment in the frame directly prior to the start of sliding or peeling.
Peak force was calculated as the highest force indicated on the spring scale during the
duration of the trial (converted to Newtons), minus the force of friction. Peak shear stress was
calculated as described above. Shear stress and peak shear stress were recorded in three trials per
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individual. The acrylic was cleaned with 70% ethanol between trials to prevent buildup of mucus
on the test substrate. Large individuals were tested using only ventral jaw surface, but due to the
resolution of the spring scale, small salamanders (Desmognathus aeneus, Eurycea wilderae, and
Batrachoseps attenuatus) were tested using up to 50% of their ventral skin surface.
Normal (tensile) stress test
Animals were removed from their enclosures by hand, placed into an airtight enclosure
with damp, unbleached paper towels, and anesthetized by exposure to 0.1 – 0.3 ml of isoflurane
evaporated in a sealed 15 cm × 11 cm × 5.5 cm glass container for 15 minutes. After 15 minutes,
animals were tested for a righting reflex by being placed in a supine position for a period of two
minutes.
Following anesthesia, animals were placed supine on a clean, dry acrylic sheet. Normal
(tensile) stress was created using a 28.27 mm2 disk of epoxy resin affixed to a metal base and
suspended on a Kevlar thread from 10 g spring scale directly above the ventral midline (Pesola
precision scales, 10g). The spring scale was mounted on a micropositioner such that the position
could be raised and lowered vertically, perpendicular to the skin surface. The epoxy resin disk
was lowered onto the dorsal midline of the animal until slack was observed in the Kevlar thread,
indicating the full weight of the metal base and epoxy disk (0.795 g) was loaded on the
salamander skin surface. Then the spring scale was raised using the micropositioner at a rate of 7
mm/s until the epoxy resin disk separated from the salamander skin surface. Trials were imaged
using an Apple iPhone 6 or iPhone SE front-facing camera at 30 frames per second with a scale
bar.
The normal stress was calculated as the peak normal (tensile) force indicated on the
spring scale (converted to Newtons) divided by the area of contact (28.27 mm2). Normal stress
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was recorded in three trials per individual per tested body region. Adhesion was measured in
three positions along the ventral midline of the trunk, and three positions on the ventral surface
of the jaw between the gular fold and the tip of the jaw. Each trial was conducted on a separate
location along the ventral midline of the trunk, or on minimally overlapping areas of the ventral
jaw surface, to account for potential effects of repeated testing on the thickness or adhesive
strength of the mucus layer. The epoxy disk was cleaned with 70% ethanol between trials to
prevent buildup of mucus on the test surface. Salamanders were replaced in their enclosures
following testing, and all recovered within 30 minutes.
In extremely small species (Desmognathus aeneus, Eurycea wilderae, and Batrachoseps
attenuatus) the entire diameter of the epoxy resin disk was not attached to the animal, so the
surface area of attachment was calculated as a rectangle based on actual body width multiplied
by the disk diameter (6 mm). In Desmognathus aeneus, Eurycea wilderae, and Batrachoseps
attenuatus it was also not possible to test three separate areas of the trunk and/or the ventral jaw
surface without overlapping test areas, due to the constraints of body size, so overlapping test
areas were used for these species.
Digitizing shear stress images
Images were digitized using ImageJ software (Schneider, 2012). The Color Thresholding
function was used to select each illuminated area of attachment on the animal in the image. All
selected illuminated areas were then added to the ROI Manager and converted to a known area
of attachment via the Measure function. The Measure function was calibrated using a scale bar
attached to the acrylic and visible in each image.
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Salamander attachment area
Salamander maximum attachment surface was estimated by placing an anesthetized
salamander on the illuminated acrylic substrate in a prone position at an angle of 0º. Feet were
arranged so that the ventral surface that is in contact with the ground was in contact with the
acrylic. A force of approximately 0.1 N was used to load the salamander ventral jaw, trunk, tail,
and foot surfaces to ensure proper contact with the acrylic surface. Surface area was measured
from images taken from a perpendicularly mounted Apple iPhone SE or iPhone 6 front-facing
camera and processed according to the methods described above to determine surface area of
attachment. Maximum surface area (in mm2) was calculated from all individuals within that
species and was the sum of all the illuminated portions of the ventral skin surface. Foot surface
area (in mm2) was calculated from the combined sum of the attachment area of all four feet for
each individual. Average surface area (in mm2) reported (Table 2.6) is derived from previous
experiments (Chapter 1) and consists of the species’ mean and standard error of the mean,
calculated from the surface area of attachment during maximum cling performance from each
individual.
Statistical analyses
All individuals were measured to determine their body mass in grams, snout-vent length
in millimeters, and their total body length in millimeters (measured from the tip of the jaw to the
tip of the tail, Table 2.1, 2.3). Cling performance data were non-normal, heteroskedastic, and
could not be transformed to be normal, or fitted to a negative binomial, Poisson, or lognormal
distribution. Therefore, differences between species’ cling performance on the two suction
treatments were compared using pairwise, two-sample, two-tailed Kolmogorov–Smirnov tests
for non-parametric data and corrected for false discovery rate (Benjamini and Hochberg, 1995).
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Stress data were also non-normal, heteroskedastic, and could not be transformed to be normal, or
fitted to a negative binomial, Poisson, or lognormal distribution. Differences in shear stress and
normal (tensile) stress among species were compared using a non-parametric Kruskal-Wallis
test. If species were found to have significant differences, pairwise comparisons were conducted
using Dunn’s test, and corrected for false discovery rate (Benjamini and Hochberg, 1995).
Differences between normal stress within a species on the trunk and jaw regions were compared
using pairwise, two-sample, two-tailed Kolmogorov–Smirnov tests for non-parametric data. All
statistical analyses were conducted in R version 3.4.2.
Results
Suction
Salamanders cling performance was poorer on polished brass than on acrylic surfaces
(Chapter 1, Table 2.2). This could be the result of the decrease in surface area on both the sealed
and unsealed treatments of the polished brass sheet, or to the surface chemistry and surface
energy of polished brass in comparison to acrylic, and its interaction with the material properties
of the salamander mucus. Salamanders cling at angles between 96º ± 7º and 180º ± 0º on the
sealed (suction possible) treatment, and 87º ± 3º and 180º ± 0º on the unsealed (suction
impossible) treatment (Table 2.2, Figure 2.1). No salamander species showed significantly
different performance on the sealed (suction possible) treatment over the unsealed (suction
impossible treatment) (Table 2.2, Figure 2.1).
Normal (tensile) stress
When pulled with a normal force using the epoxy disk, the mucus layer between the
salamander skin and the epoxy resin disk did not noticeably stretch. Instead, the salamander skin
was deformed by the tensile force acting on the skin-mucus-disk interface until a force was
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reached at which peeling occurred from one edge of the disk. The mucus layer on the surface of
the salamander skin is capable of resisting tensile stresses between 0.13 ± 0.01 kPa and 60 ± 0.9
kPa prior to peeling (Table 2.5, Figure 2.5). Bolitoglossa franklini, the largest species tested
capable of clinging to 180º could maintain attachment up to a normal (tensile) stress of 0.48 ±
0.06 kPa, but the highest attachment strength was found in Desmognathus quadramaculatus,
resisting tensile stresses up to 0.60 ± 0.9 kPa (Table 2.5, Figure 2.5).
No salamander species showed significantly different performance in the resistance to
normal (tensile) stresses depending on the region of ventral surface tested except B. attenuatus.
Batrachoseps attenuatus had significantly lower resistance to normal stress on the ventral surface
of the jaw than on the ventral surface of the body (Table 2.5). In the smallest salamanders, such
as Desmognathus aeneus, Eurycea wilderae, Desmognathus ocoee, and Batrachoseps attenuatus,
the diameter of the test disk (6 mm) exceeded the width of their body and the width of the lower
jaw, limiting the attachment surface to an area of 13.74 mm2 to 33.84 mm2, depending on the
individual (Table 2.5, Figure 2.5).
Shear stress
When pulled with a force parallel to the surface, salamanders either slid along the acrylic
sheet or peeled off it. Peeling did not initiate only from one edge of the attachment surface, but
could originate anteriorly, posteriorly, or occur radially until all attachment surface was removed
from the acrylic. The mucus layer on the surface of the salamander skin is capable of resisting
shear stresses between 0.03 ± 0.02 kPa and 1.83 ± 0.50 kPa prior to peeling (Table 2.4, Figure
2.2). Bolitoglossa franklini, the largest species tested capable of clinging to 180º could maintain
attachment up to a shear stress of 0.78 ± 0.33 kPa, but the highest shear resistance strength was
found in Desmognathus quadramaculatus, resisting stresses up to 1.83 ± 0.50 kPa (Table 2.4,
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Figure 2.2). Shear stress performance was highly variable between individuals within a species,
and no significant differences between species in shear stress resistance were found (Kruskalwallis, Chi Square=21.277, df=12, p=0.05).
Peak shear stresses always occurred after peeling or sliding had begun. Peak shear stress
ranged from 0.17 ± 0.14 kPa and 73.71 ± 46.50 kPa (Table 2.4, Figure 2.2). The highest peak
shear forces occurred in Pseudotriton ruber, which has a maximum cling performance of 101º ±
7º (Table 2.4, Figure 2.2). Peak shear stress performance was highly variable between trials for
the same individuals, as well as between individuals within a species. No significant differences
between species’ peak shear stress were found (Kruskal-wallis, Chi Square=21.208, df=12,
p=0.05).
Salamander area of attachment
Salamanders use between 18.2% and 61.4% of their maximum surface area when
clinging during maximum performance (Table 2.6). Feet make up a small proportion of
maximum surface area of attachment. In Batrachoseps attenuatus, total foot surface area makes
up only 3.2% of maximum surface area of attachment (Table 2.6). In Bolitoglossa franklini,
which has partially webbed feet, foot surface area accounts for 12.2% of total body surface area
used in attachment (Table 2.6). Despite a very disparate morphology, the foot surface area
relative to total body surface is comparable to Aneides lugubris and Aneides vagrans, two
arboreal species with broad feet and long dexterous toes.
Discussion
Salamander attachment mechanism
Salamanders are clinging to surfaces using the shear and adhesive properties of their
mucus layer. The viscosity and surface tension of the mucus layer provides sufficient resistance
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to stress in the shear and normal directions to support their body weight, which allows
salamanders to attach at angles greater than 90º up to 180º, even in the absence of gripping
attachment and suction generation. This ability allows salamander to adhere to and scale
inclined, vertical, and inverted surfaces in nature to locate suitable microhabitat (Waldron and
Humphries, 2005), seek out prey items (Jaeger, 1978; Legros, 2013), and escape ground dwelling
predators (Bury, 2006). Combined with behaviors which enhance attachment, such as
interlocking the toes with surface asperities and gripping with the tail, salamanders are capable
of climbing a variety of natural surfaces such as tree trunks, plant stems, rock faces, and cave
walls (Alberch, 1981; Bradley and Eason, 2018; Jaeger, 1978; Legros, 2013; Lunghi et al., 2017;
Spickler et al., 2006; Waldron and Humphries, 2005).
Suction as an attachment mechanism
Salamanders are not using suction to enhance attachment performance. Arboreal species
do not converge on similar foot morphology (Baken and Adams, 2019); both webbed
salamanders and salamanders with long dexterous toes occupy arboreal habitats. Furthermore,
webbed feet are not necessary for high cling performance on smooth surfaces; small salamanders
cling to 180º with unspecialized feet, or even without using their feet (Chapter 1). Salamander
feet also do not show many of the structural features of biological suction cups (Beckert et al.,
2015; Fulcher and Motta, 2006; Green and Barber, 2009; Maie et al., 2012; Nachtigall, 1974).
They are not concave in shape and lack the fleshy lip that creates a strong seal. Finally,
salamanders did not perform better on the sealed surface where suction was possible than on the
unsealed surface where suction was impossible (Table 2.2, Figure 2.1). Taking into account the
high performance of salamanders without webbed feet (Table 2.1), the lack of suction cup
features on salamander feet, and the lack of any measurable performance difference on suction-
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possible and suction-impossible substrates, it is clear that the salamanders examined here are not
using suction to enhance attachment. Published studies on the morphology of other, fully webbed
species with high cling performance also do not show any of these suction cup features (Alberch,
1981; Green and Alberch, 1981).
As salamanders do not possess specialized attachment structures on the feet and toes, the
entire ventral surface has the potential to be used effectively for attachment. Webbed feet may
have evolved in Bolitoglossa as a consequence of paedomorphy (Jaekel and Wake, 2007), and
their contribution to total attachment surface is low (67.0 ± 12.2 mm2 for four feet, or 12.2% of
total area, Chapter 1, Table 2.6). Small increases in surface area of attachment would only
determine overall cling performance if most unwebbed salamanders are operating at their
functional limit of attachment. In fact, most salamanders are using less than 50% of their
available ventral attachment surface when performing maximally (Table 2.6, Chapter 1).
Attachment in small salamanders with high cling performance
In small salamanders (under 4 g in body mass) cling performance is universally high
(177º ± 3º to 180º ± 0º, Table 2.3, Chapter 1). This can be attributed to the scaling relationship
between surface area and body volume (and by extension, body mass). These species have some
of the lowest shear and normal stress resistance values, indicating they cling well not because
they are more adhesive (Table 2.4, 2.5; Figure 2.3, 2.6) but because the forces acting on their
attachment surface are low. In fact, the overall trend toward increasing shear and normal stress
resistance with increasing body size suggest that some other species may be evolving increased
adhesion to counterbalance the negative effect of scaling on cling performance (Figure 2.3, 2.6).
Instead, small species have relatively low shear and normal stress resistance, but also experience
low detachment forces. They also use more of their body to attach than a larger, slightly stickier
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salamander (Figure 2.4, 2.7). Batrachoseps attenuatus, E. wilderae, and D. aeneus use between
61.4% and 44.1% of their total available ventral attachment surface during peak cling
performance, approximately 10% higher than all of the tested species, except Bolitoglossa
franklini. These data suggest that rather than benefiting solely from the scaling of body area to
body mass, small salamanders are operating closer to the functional limits of their adhesion
mechanism, and that higher performance in larger species could due to a trend toward increasing
stickiness with increasing body size, rather than increasing surface area. This would align with
the findings of a broadly comparative study of 225 species of clinging and climbing vertebrates
and invertebrates found that closely related species were more likely to enhance attachment by
increasing stickiness than by increasing attachment area (Labonte et al., 2016).
Attachment in Aneides and Bolitoglossa
Aneides lugubris and Aneides vagrans are arboreal. Aneides lugubris’ cling performance
on smooth surfaces is moderate (Chapter 1, Table 2.3), their large feet and long dexterous toes
contribute to high cling performance on rough surfaces (Chapter 3). Aneides vagrans, which is
smaller in body size than A. lugubris (3.83g ± 1.08g compared to 13.32g ± 3.18g, respectively)
performs well on both smooth and rough surfaces (Table 2.3, Chapters 1 and 3). Their ecology
would suggest these species might be more adhesive to enhance climbing performance, however
these species perform similarly to other, more terrestrial species. For both species, the shear and
normal stress resistant characteristics of their mucus are statistically indistinguishable from other
species. It is not particular adhesive characteristics of the species that enable them to access and
survive in these arboreal habitats.
Bolitoglossa franklini is the largest species tested that can cling to 180º. They cling to
significantly higher angles than the similarly sized Plethodon metcalfi (Chapter 1). This research
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has shown that their feet are not capable of producing suction to enhance attachment
performance (Table 2.2, Figure 2.1), but that their partially webbed feet create slightly more
attachment surface than P. metcalfi (Table 2.6). The difference in the foot attachment surface
between B. franklini, and P. metcalfi is 19.6 mm2, which is the amount of surface area required
to support about 1g of body mass in tension (Fig. 2.4, Table 2.5, 2.6). This may be sufficient to
create the increase in maximum cling angle to 180º.
The use of feet as attachment surfaces creates the potential for behavioral adaptations to
enhance attachment. Salamanders can place their feet so as to counteract detachment forces as
has been shown in tree frogs (Endlein et al., 2013b). They can also replace them when they
detach due to sliding or reorient them relative to the body to discourage the locally high
detachment forces that create peeling events. Finally, the more discreet attachment surfaces an
animal is using, the more robust the attachment is to detachment by peeling, since when peeling
or cracking events are occurring and the peeling edge encounters a gap, additional force is
required to begin the event again on the new attachment surface. In both Aneides and
Bolitoglossa, high performance in clinging trials is not due to chemical properties of the mucus
that generate stronger adhesion. Instead, a combination of morphology and behavior make them
suited to attachment on particular surfaces, and this has enabled them to exploit an ecological
niche.
Attachment in salamanders with low cling performance
Certain species of salamanders, Ambystoma maculatum, Ensatina eschscholtzii, and
Pseudotriton ruber, fail to adhere to smooth acrylic surfaces at low angles (97º ± 6º to 101º ± 7º,
Table 2.3, Chapter 1). For these species, in many of their trials, detachment occurs at angles of
90º and below, as a result of failure due to shearing forces acting on the skin-mucus-substrate
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interface. During maximum cling performance, shear forces are high and normal (tensile) forces
are relatively low; detachment occurs through the rapid peeling initiated either by the large
torsional moments acting on large salamanders, or behaviorally by the salamander itself. Another
possible explanation for these failures was that these salamanders have chemically different
mucus, which is less resistant to shearing or tensile forces than other species with higher cling
performance. However, this analysis shows that these salamanders do not have significantly
different shear or normal stress resistance performance (Table 2.4, 2.5; Figure 2.2, 2.5).
The low cling performance of these three species, then, is attributable not to the adhesive
properties of the mucus, but to the detachment forces they experience. For Ambystoma
maculatum, the largest tested salamander, shear resistance again becomes a scaling issue. They
are two to three times larger in mass than the other salamander species tested (Table 2.3, Figure
2.3), and do not exhibit positive allometric scaling of either the maximum surface area of
attachment (Figure 2.4, 2.7) or the mucus attachment properties (Figure 2.2, 2.5). The result is
higher detachment forces per unit of attachment surface. They also do not respond behaviorally
in an attempt to increase the surface area of contact as the incline increases, either by crouching
at increasing angles to add attachment surface (Chapter 1) or by assuming a characteristic
posture at all angles that places a greater percentage of available attachment surface in contact
with the substrate (Table 2.6). Instead, A. maculatum is simply too big for its deployed adhesive
surface.
By comparison, Ensatina eschscholtzii is of comparable size to many of the highest
performing salamander species. It has one of the highest measured shear resistance values, and
average normal stress resistance values (Table 2.4, 2.5; Figure 2.2, 2.5). But it has very low cling
performance (101º ± 3º, Table 2.3). Poor cling performance in this species is not attributable to
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large body size or to poor adhesive properties of the mucus layer. Instead, its behavior
determines its detachment angle. E. eschscholtzii uses the lowest percentage of the available
ventral body surface to cling of any tested species (18.2 %, Table 2.6). This species has a raised
posture with little ventral contact when standing and does not respond to increasing detachment
forces at increasing cling angles by increasing the contact between its ventral body surface and
the substrate (Chapter 1). Because of the low contact area between its ventral surface and the
substrate, its feet form the largest percentage of cling surface of any tested salamander species
(16%, Table 2.6). Low cling surface results in very high detachment forces acting on a small
area, even with good shear and normal stress resistance properties within the mucus layer.
Ensatina exhibits low cling performance as a result, even with all the same biological “tools” for
attachment as other tested species.
Attachment in Desmognathus quadramaculatus
Desmognathus quadramaculatus has high cling performance for its body size. In fact,
individuals up to 14 g in body mass have been shown to cling to 180º (Chapter 1). One reason
for this high cling performance in a semi-aquatic salamander may be that their body shape results
in a higher ventral surface area of attachment due to its ventrally flattened profile. This species
uses nearly threefold more surface area during peak cling performances than E. eschscholtzii,
approximately 30.2% of their available surface area, and nearly as much surface area as
Ambystoma maculatum, which is twice D. quadramaculatus’ weight. But in addition, D.
quadramaculatus has the highest shear stress and normal stress resistance (Table 2.4, 2.5, Figure
2.2, 2.5). This combination results in a higher shear and adhesive resistance per unit body mass
(Figure 2.3, 2.6), and low detachment forces per unit surface area (Fig 2.4, 2.7).
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Why, then, do D. quadramaculatus detach at all? They appear to have strong enough
adhesive mucus and sufficient surface area to support more than their body weight. One
explanation is peeling. Peeling results when detachment forces are not distributed uniformly
across the entire attachment surface, resulting in local high stresses which detach specific areas
of the body and spread until full detachment occurs (Vogel, 2003). Large salamanders
experience torque; the forces acting on the center of mass during clinging are far from the
attachment surface, creating high torque on the leading edge of the ventral surface. This often
results in peeling that propagates down the body, causing detachment. Despite the resistance to
stresses acting in shear and tension, the mucus layer in D. quadramaculatus may be experiencing
locally high regions of stress which lead to peeling and ultimately to cling failure.
Variation in adhesiveness
Pseudotriton ruber has low cling performance on smooth surfaces (101º ± 7º) but the
highest recorded normal stress resistance trial from all species (1.14 kPa in tension, Figure 2.5).
Salamanders are known to alter their mucus layer in response to environmental triggers; for
example, they can exude noxious or toxic mucus to deter predators. In addition, salamanders are
capable of using the adhesive and viscous properties of their mucus to glue predators. Garter
snakes may be completely immobilized by the mucus secretions of the Plethodon cinereus
salamander during attempted predation (Arnold, 1982). Isoflurane, while a safe method of
anesthesia, could be eliciting changes in the mucus layer on the salamanders. Some salamanders
may be actively responding to the presence of the gas by exuding a different mucus mixture with
different viscoelastic properties. The interaction of the gas with the outer mucus layer may result
in changes in the attachment properties of the mucus even if not under active control by the
salamander. Interestingly, while the high shear and normal stress results show the mucus can act
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as a very strong adhesive, there is no evidence for P. ruber salamanders employing this
capability actively. These salamanders cling with low surface area, did not actively respond to
increasing cling angle by pressing their body to the substrate to add surface area, and show no
behavioral tendency to engage the limbs to counter detachment forces (Chapter 1). Conversely,
in previous studies (Chapter 1), Pseudotriton ruber has been shown to release fluid from their
vent and lubricate the substrate to the point that sliding was initiated, using this method to
rapidly escape the test substrate, avoiding clinging altogether. Despite this lack of facultative use
of mucus properties for adhesion, the high degree of variation in shear and tensile properties of
the mucus between trials and among individuals suggests the mucus (or multiple kinds of mucus)
is more versatile than was previously suspected. An exploration in the plasticity of mucus
properties in the future would improve our understanding of this versatility.
Conclusions
Variation in salamander cling performance is due to the interaction of substrate,
morphology, behavior, and the adhesive properties of their mucus body coating. Despite
conclusions in previous research, none of the tested salamander species are using suction to
enhance cling performance. Webbed feet in salamanders adds only a small increase in surface
area for wet adhesion, and while this may increase their behavioral control over their attachment
surfaces or improve climbing performance, most of the salamanders examined here are not
operating close enough to their functional adhesive limits to required webbed feet for high
performance. In fact, most salamanders are using less than 50% of their available ventral surface
area to attach during peak clinging performance. Detachment may occur due to sliding or
peeling. This indicates for some species, the shearing forces acting on the mucus attachment
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overcome the viscous properties of the adhesive, but for other species, peeling is initiated by
local high stress regions on areas like the anterior margin of the jaw.
While cling performance in salamanders varies significantly, the shear and tension
resistant properties of their mucosal wet adhesion do not vary significantly among species.
Instead, high and low cling performance in salamanders is attributable to the combination of
behavior and morphology in combination with shear and tension forces acting on the animals
during clinging. In large, poorly clinging species such as Ambystoma maculatum, the scaling of
available surface area for attachment results in high detachment forces despite a sprawling
posture. In Ensatina eschscholtzii, characteristic posture during clinging limits the surface area of
attachment, resulting in early detachment despite similar morphology and adhesive properties to
high performing clingers. Small species have lower shear and normal stress resistance and
accomplish high performance by using a larger percentage of their ventral surface for adhesion
during maximal clinging performance. Desmognathus quadramaculatus benefits from higher
than average shear and normal stress resistant mucus, and also a ventrally flattened profile,
resulting in higher performance and lower than average detachment stresses than other species.
Bolitoglossa franklini, the largest species able to cling to 180º, does not have additional
attachment mechanisms, the largest surface area, or the most adhesive mucus. Instead, their high
performance may be due to behavioral adaptations to enhance clinging by using their large,
partially webbed feet to counteract or redirect detachment forces and limit detachment due to
peeling. Overall, variation in salamander cling performance is more strongly driven by the
interaction of morphology and behavior than by the intrinsic adhesive properties of mucus
secretions.
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Table 2.1 - Body Size. Species' mean and standard error of the mean for body mass in grams, snoutvent length in millimeters, and total body length in millimeters (measured from the tip of the jaw to the
tip of the tail). Number of individuals tested indicated as N.

Species

N

Body Mass (g)

Snout-vent
Length (mm)

Total Body
Length (mm)

Aneides flavipunctatus

5

5.48 ± 1.91

59.14 ± 4.14

110.36 ± 8.85

Aneides lugubris

2

11.45 ± 1.25

86.78 ± 3.15

156.47 ± 3.58

Ambystoma maculatum

5

28.8 ± 3.05

101.38 ± 4.97

198.36 ± 8.14

Batrachoseps attenuatus

5

0.88 ± 0.07

44.80 ± 1.75

106.64 ± 6.62

Bolitoglossa franklini

11

6.21 ± 0.97

59.22 ± 3.43

102.95 ± 5.44

Desmognathus aeneus

5

0.6 ± 0.03

29.36 ± 0.99

52.48 ± 2.18

Desmognathus ocoee

5

2.16 ± 0.14

44.17 ± 1.27

88.83 ± 2.75

Desmognathus quadramaculatus

6

15.1 ± 2.05

89.47 ± 4.82

164.84 ± 7.96

Ensatina eschscholtzii

6

5.71 ± 0.87

59.53 ± 2.42

113.07 ± 5.78

Eurycea guttolineata

2

0.9 ± 0

37.50 ± 0.19

90.16 ± 0.57

Eurycea wilderae

5

0.8 ± 0.05

39.54 ± 1.94

91.46 ± 4.449

Plethodon metcalfi

5

6.6 ± 0.32

70.56 ± 1.86

146.45 ± 2.40

Pseudotriton ruber

5

12.3 ± 0.69

80.11 ± 1.45

132.58 ± 4.13
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Table 2.2 - Effects of substrate porosity on salamander cling performance. Treatments included
sealed (suction possible) and unsealed (suction impossible) substrates. Statistical results of
pairwise, two-sample, two-tailed Kolmogorov–Smirnov tests for non-parametric data. Test statistic
D reported, as well as p-value. Values below 0.05 would indicate significant differences in samples
from the two suction treatments for that species, however no pairs were found to be significant.
Values are mean ± SEM.

Species

N

Body Mass (g)

Aneides flavipunctatus

5

5.48 ± 1.91

Aneides lugubris

2

11.45 ± 1.25

Ambystoma maculatum

5

28.8 ± 3.05

Batrachoseps attenuatus

5

0.88 ± 0.07

Bolitoglossa franklini

11

6.21 ± 0.97

Desmognathus aeneus

5

0.6 ± 0.03

Desmognathus ocoee

5

2.16 ± 0.14

Desmognathus
quadramaculatus

6

15.1 ± 2.05

Ensatina eschscholtzii

6

5.71 ± 0.87

Eurycea guttolineata

2

0.9 ± 0

Eurycea wilderae

5

0.8 ± 0.05

Plethodon metcalfi

5

6.6 ± 0.32

Pseudotriton ruber

5

12.3 ± 0.69

Treatment

Maximum
Cling
Angle (°)

Sealed

119 ± 3

Unsealed

126 ± 10

Sealed

135 ± 25

Unsealed

125 ± 10

Sealed

96 ± 7

Unsealed

87 ± 3

Sealed

180 ± 0

Unsealed

180 ± 0

Sealed

163± 5

Unsealed

161 ± 5

Sealed

180 ± 0

Unsealed

180 ± 0

Sealed

180 ± 0

Unsealed

179 ± 1

Sealed

123 ± 12

Unsealed

119 ± 12

Sealed

99 ± 4

Unsealed

98 ± 3

Sealed

180 ± 0

Unsealed

165 ± 15

Sealed

180 ± 0

Unsealed

180 ± 0

Sealed

145 ± 7

Unsealed

145 ± 11

Sealed

118 ± 3

Unsealed

118 ± 3
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Test
Statistic D

P-Value

0.6

0.357

0.5

1

0.8

0.079

0.4

0.873

0.25

0.98

0.4

0.873

0.2

1

0.3

0.931

0.3

0.931

0.5

1

0.4

0.873

0.4

0.873

0.2

1

Table 2.3 - Cling performance and body size. Species' maximum cling angle and mean and standard
error of the mean for body mass, snout-vent length and total body length (measured from the tip of the
jaw to the tip of the tail). Number of individuals tested indicated as N.

Species

N

Maximum
Cling Angle (º)

Body Mass
(g)

Snout-Vent
Length (mm)

Total Body
Length (mm)

Aneides flavipunctatus

4

162 ± 12

6.90 ± 1.82

61.4 ± 3.7

112.8 ± 6.8

Aneides lugubris

4

114 ± 13

13.32 ± 3.18

80.8 ± 4.4

147.5 ± 7.8

Ambystoma maculatum

3

97 ± 6

30.33 ± 2.61

95.8 ± 4.5

187.2 ± 6.0

Aneides vagrans

3

180 ± 0

3.83 ± 1.08

61.6 ± 5.1

106.3 ± 9.0

Batrachoseps attenuatus

2

177 ± 3

0.94 ± 0.02

48.5 ± 0.9

114.7 ± 0.6

Bolitoglossa franklini

6

180 ± 0

6.45 ± 1.18

61.6 ± 3.7

105.8 ± 6.6

Desmognathus aeneus

3

178 ± 2

0.50 ± 0.03

28.4 ± 0.6

52.2 ± 0.7

Desmognathus ocoee
Desmognathus
quadramaculatus
Ensatina eschscholtzii

3

180 ± 0

1.87 ± 0.17

42.5 ± 1.5

88.7 ± 2.8

3

166 ± 4

14.92 ± 0.75

90.1 ± 0.4

165.9 ± 1.5

5

101 ± 3

6.28 ± 0.58

58.4 ± 1.4

108.1 ± 4.9

Eurycea wilderae

3

180 ± 0

0.73 ± 0.06

36.59 ± 2.54

78.3 ± 5.1

Plethodon metcalfi

4

167 ±4

8.37 ± 2.38

67.4 ± 2.7

141.4 ± 5.2

Pseudotriton ruber

3

101 ± 7

10.54 ± 2.71

79.7 ± 4.8

126.3 ± 6.3
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Table 2.4 – Shear stress (mean ± SEM) for each species. Shear stress calculated from
force and surface area directly prior to the start of slipping or peeling. Maximum shear
stress calculated from the maximum force recorded during a shear trial, with the
corresponding surface area. Number of individuals tested for surface area of attachment
indicated as N.

Species

N

Shear Stress
(kPa)

Maximum Shear
Stress (kPa)

Aneides flavipunctatus
Aneides lugubris
Ambystoma maculatum
Aneides vagrans
Batrachoseps attenuatus
Bolitoglossa franklini
Desmognathus aeneus
Desmognathus ocoee
Desmognathus quadramaculatus
Ensatina eschscholtzii
Eurycea wilderae
Plethodon metcalfi

4
4
3
3
2
6
3
3
3
5
3
4

0.58 ± 0.30
0.39 ± 0.19
0.49 ± 0.13
0.40 ± 0.22
0.03 ± 0.02
0.78 ± 0.33
0.17 ± 0.15
0.82 ± 0.38
1.83 ± 0.50
1.57 ± 0.41
0.21 ± 0.24
0.91 ± 0.35

1.86 ± 1.15
0.63 ± 0.19
7.10 ± 4.40
0.33 ± 0.21
0.17 ± 0.14
8.47 ± 3.01
3.10 ± 2.30
13.79 ± 9.80
7.00 ± 1.97
10.02 ± 2.06
2.01 ± 1.39
3.43 ± 0.84

Pseudotriton ruber

3

1.07 ± 0.08

73.71 ± 46.50
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Table 2.5 - Normal (tensile) stress (mean ± SEM) for each species. Normal stress calculated from
maximum force and surface area directly prior to detachment. Number of individuals tested for
surface area of attachment indicated as N. Statistical results of pairwise, two-sample, two-tailed
Kolmogorov–Smirnov tests for non-parametric data. Test statistic D reported, as well as P-value.
Values below 0.05 indicate significant differences in samples from the two tested body regions for
that species.

Species

N

Ambystoma maculatum

5

Aneides flavipunctatus

5

Aneides lugubris

4

Aneides vagrans

5

Batrachoseps attenuatus

5

Bolitoglossa franklini

7

Desmognathus aeneus

5

Desmognathus ocoee

5

Desmognathus
quadramaculatus

5

Ensatina eschscholtzii

5

Eurycea wilderae

5

Plethodon metcalfi

5

Pseudotriton ruber

4

Body
Region

Adhesive
Stress (kPa)

Jaw
Trunk
Jaw
Trunk
Jaw
Trunk
Jaw
Trunk
Jaw
Trunk
Jaw
Trunk
Jaw
Trunk
Jaw
Trunk
Jaw
Trunk
Jaw
Trunk
Jaw
Trunk
Jaw
Trunk
Jaw
Trunk

0.42 ± 0.11
0.50 ± 0.09
0.38 ± 0.02
0.40 ± 0.04
0.34 ± 0.04
0.44 ± 0.04
0.27 ± 0.04
0.39 ± 0.06
0.13 ± 0.01
0.25 ± 0.02
0.42 ± 0.07
0.48 ± 0.06
0.17 ± 0.02
0.23 ± 0.01
0.32 ± 0.03
0.31 ± 0.04
0.51 ± 0.03
0.60 ± 0.09
0.52 ± 0.02
0.51 ± 0.04
0.25 ± 0.03
0.38 ± 0.03
0.39 ± 0.05
0.41 ± 0.03
0.4 ± 0.10
0.5 ± 0.21
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Test
Statistic
D

P Value

0.40

0.873

0.40

0.873

0.75

0.229

0.60

0.357

1.00

0.008

0.29

0.963

0.80

0.079

0.20

1

0.40

0.873

0.60

0.357

0.80

0.079

0.40

0.873

0.50

0.771

Table 2.6 - Species' mean surface area of attachment. Area of attachment calculated as the mean and standard error of the mean surface area
used by each individual during peak cling performance (Chapter 1). Species' maximum surface area of attachment and foot surface area
calculated as the mean and standard error of the mean from all individuals with the species, as described in the Methods. Percent Surface
Area Used is the ratio of Mean Surface Area of Attachment to Maximum Surface area of attachment, expressed as a percentage. Percent
Foot Surface Area is the ratio of Foot Surface Area to Maximum Surface Area of Attachment, expressed as a percentage. Number of
individuals tested indicated as N.

Species

N

Mean Surface Area of
Attachment (mm^2)

Maximum Surface Area
of Attachment (mm^2)

Foot Surface
Area (mm^2)

Percent Surface
Area Used (%)

Percent Foot
Surface Area (%)

Aneides flavipunctatus

4

175.2 ± 37.3

608.9 ± 73.2

64.4 ± 6.7

28.8

10.6

Aneides lugubris

4

293.4 ± 48.5

921.2 ± 95.3

109.0 ± 18.0

31.8

11.8

Ambystoma maculatum

3

361.1 ± 42.3

1476.6 ± 225.1

148.2 ± 6.4

24.5

10

Aneides vagrans

3

134.4 ± 10.8

376.5 ± 18.5

48.0 ± 6.4

35.7

12.8

Batrachoseps attenuatus

2

87.6 ± 5.1

142.8 ± 22.8

4.6 ± 0.2

61.4

3.2

Bolitoglossa franklini

6

227.1 ± 20.1

550.7 ± 74.7

67.0 ± 12.2

41.2

12.2

Desmognathus aeneus

3

53.8 ± 6.7

122.2 ± 1.9

9.9 ± 2.1

44.1

8.1

Desmognathus ocoee
Desmognathus
quadramaculatus
Ensatina eschscholtzii

3

78.6 ± 7.8

287.9 ± 16.8

26.1 ± 2.5

27.3

9.1

3

325.0 ± 23.0

1075.6 ± 66.8

73.6 ± 2.2

30.2

6.8

5

110.5 ± 25.1

608.4 ± 37.9

97.7 ± 7.3

18.2

16.1

Eurycea wilderae

3

93.6 ± 10.4

166.2 ± 9.8

16.0 ± 3.2

56.4

9.7

Plethodon metcalfi

4

203.0 ± 15.3

537.5 ± 49.7

47.4 ± 3.7

37.8

8.8

Pseudotriton ruber

3

241.3 ± 41.3

804.0 ± 125.7

40.4 ± 0.2

30

5
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III.

Effect of Roughness and Wetness

Abstract
Animals clinging to natural surfaces have to generate attachment across a range of
asperity sizes in both dry and wet conditions. Plethodontid salamanders occupy a range of
habitats and can be aquatic, semi-aquatic, terrestrial, arboreal, troglodytic, saxicolous, and
fossorial and therefore may need to climb on and over rocks, tree trunks, plant leaves and stems,
as well as move through soil and water. Salamanders were tested to determine the effect of
surface roughness and wetness on cling performance. Results reveal that surface roughness had a
significant effect on maximum cling angle, and the effect varied significantly among species
depending on foot morphology and attachment mechanism. Surfaces of intermediate roughness
(asperity size 100 µm to 350 µm) resulted in the poorest attachment performance for all species.
Webbed species performed best on smooth surfaces, while species with long, dexterous toes
showed significant improvement on the roughest surfaces (asperity size 1000 µm to 4000 µm),
switching from adhesive attachment on a smooth surface to a gripping attachment mechanism on
rough surfaces. Misted water had the effect of significantly decreasing cling performance in large
salamanders on smooth surfaces but increasing small salamander cling performance on surfaces
of intermediate roughness, compared to the dry condition. Study of cling performance and its
relationship to surface properties may cast light onto how these animals have radiated into the
largest family of salamanders in the world that occupy diverse habitats across an enormous
geographical range.
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Introduction
Animals in their natural environment have to be able to generate and maintain attachment to
biological and abiotic surfaces for locomotion, feeding, and reproduction. Because attachment
plays a role in such important behaviors, and can have fitness consequences, animals have
evolved versatile and diverse mechanisms of attachment to deal with challenges that natural
surfaces present. For example, clinging to and climbing on inclined, vertical, and inverted
surfaces which may be rough or smooth can present challenges based on the size of the organism
and the mechanism of attachment. Some anoles and geckos, as well as many insects, possess
both fibrillar adhesive pads for dry adhesion and claws, which enable them to cling to and climb
on both smooth and rough surfaces over a large range of asperity sizes (Autumn, 2006; Crandell
et al., 2014; Federle, 2006; Zani, 2000). Surfaces in nature may also be either wet or dry, which
may impact the efficacy of certain attachment mechanisms. Tree frogs detach at lower
inclination angles from smooth acrylic surfaces when a film of water is flowing down the
surfaces, but torrent frogs cling better to surfaces of certain roughness scales when the surface is
flooded (Emerson and Diehl, 1980; Endlein et al., 2013a). Animal attachment mechanisms may
be tuned to the roughness and wetness of their preferred habitat, or selection may favor a multifaceted approach to clinging that operates well under may different conditions. Investigation of
animal attachment mechanisms may not only reveal novel solutions to common challenges, but
also may help to explain the evolution of animal morphology and behavior.
Plethodontid salamanders access a diversity of elevated and vertical habitats (McEntire,
2016) and have been documented climbing on tree trunks, cave walls, and rock faces, in addition
to surmounting obstacles such as boulders, tree trunks, and sleep slopes while traversing forest
floors, streambeds, and mountainsides (Camp et al., 2013; Spickler et al., 2006; Wake, 1987).
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For lungless salamanders, climbing provides access to more elevated or sheltered habitats where
the temperature or humidity may be more suitable for themselves or their offspring (Lunghi et
al., 2014; Lunghi et al., 2017; Spickler et al., 2006; Waldron and Humphries, 2005). Climbing
may also allow some species to move out of the reach of ground-dwelling predators or
competitors (Bury, 2006; Crawford and Peterman, 2013; Huheey and Brandon, 1973). Nighttime
foraging up tree trunks and plant stems may also provide access to additional sources of prey
(Jaeger, 1978; Legros, 2013). Previous research has shown most salamanders are capable of
clinging to smooth, dry laboratory surfaces fully inverted (Chapter 1), but surfaces in nature are
rarely smooth or dry. Here I examine the effect of roughness and wetness on the stationary cling
performance of plethodontid salamanders, and investigate links between morphology, habitat,
and performance.
Salamanders climb on both rough and smooth surfaces. Aneides species can be found
climbing redwood trees and limestone or sandstone outcroppings, where inversions and
eversions of the bark or rock face reach the size of meters, to the width and depth of salamander
toes and smaller (Forsman and Swingle, 2007; Smith et al., 2017). Bolitoglossan salamanders
also live in trees, but some are found almost exclusively on smooth surfaces in bromeliads and
between banana leaves (Alberch, 1981; Blankers et al., 2012; Green and Alberch, 1981; Jaekel
and Wake, 2007; Leenders and Watkins-Colwell, 2013). Eurycea lucifuga and some
Hydromantes species occupy natural caves in their native range, but also invade man-made mine
shafts, water tanks, and drainage tunnels where the rock face or concrete walls have been
smoothed and shaped (Bradley and Eason, 2018; Gorman and Camp, 2006; Lunghi et al., 2014;
Lunghi et al., 2015; Lunghi et al., 2017; Salvidio et al., 2015). Desmognathine salamanders cling
to rock faces smoothed by water and fouled by plant material (Huheey and Brandon, 1973), and
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terrestrial plethodontids in all habitats encounter obstacles on the forest floor including leaf litter,
fallen trees, and exposed rock faces.
Salamanders encounter roughness on multiple spatial scales, but the limits of their adhesive
attachment are not well known. Plethodontid salamanders under 4g in body size can cling to 180º
(inverted) on a smooth acrylic surface (Chapter 1), as can larger individuals of the Bolitoglossa
franklini species. Performance decreases with increasing body size on smooth surfaces, likely
due to the scaling of surface area to body mass on surfaces where gripping is impossible and wet
mucosal adhesion is the only mechanism of attachment (Chapter 1). While it has been suggested
that webbed feet in Bolitoglossa could be providing enhanced attachment via suction (Alberch,
1981), the morphology of their feet lack several of the features found in other biological suction
cups, such as a fleshy lip surrounding a round “cup” to prevent fluid leakage, and a concave
internal structure in which the low pressure region can develop (Beckert et al., 2015; Green and
Alberch, 1981; Maie et al., 2012; Nachtigall, 1974; Smith, 1991). In addition, salamanders show
no decrease in cling performance on porous surfaces where suction is impossible compared to
surfaces where suction could be generated (Chapter 2). Due to this lack of suction, salamanders
clinging to smooth surfaces do so purely on the basis of the viscosity and surface tension of their
mucus forming an adhesive attachment to the substrate. The strength of that attachment and the
surface area they use to attach determine whether the salamander can resist detachment stress
during clinging, Performance on substrates of different roughness would present challenges to
the formation of an adhesive bond between the skin, mucus, and substrate, but can provide
opportunities for salamanders to augment their attachment performance by gripping surface
projections with the feet, toes, and tail.
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Surface wetness is also a common feature of salamander habitat. As a lungless family of
salamanders, plethodontids are limited in their range and activity period to habitat, weather, or
time of day when environmental moisture levels are high enough to ensure sufficient diffusion of
oxygen across a moist skin surface (Beachy, 1993; McEntire, 2016; Peterman and Semlitsch,
2014; Riddell and Sears, 2015). As a result, plethodontid species can commonly be found
clinging to and climbing on damp rotting wood and leaf litter, wetted leaves and rock faces in
temperate rainforests in Appalachia and the Pacific Northwest, and cloud forests of Mexico,
Central, and South America. In particular, species of the genus Desmognathus can be found
during the day clinging at angles of 90º (vertical) and higher to rock faces with flowing water in
the Appalachian Mountains (Crawford and Peterman, 2013; Huheey and Brandon, 1973). As a
result, clinging to and climbing up misted and wetted surfaces is likely to be vital to traversing
their natural habitat.
In this study, I investigate how increases in surface roughness affect species’ maximal cling
performance, and how body size, foot morphology, and ecological niche impact clinging
performance on surfaces with roughness at multiple scales. In addition, I test how misted and
flowing water affect adhesive and gripping attachment on smooth and roughened surfaces. I
predict that roughened surfaces will allow species to engage in gripping behavior that will
expand the range of cling angles on which attachment is possible. I investigate the possibility of
a functional trade off in foot morphology and body adhesion, where species with the highest
cling performance on smooth surfaces using the ventral body surface or partially webbed feet
will be unable to attach strongly on rough surfaces. I also predict that species may show
enhanced performance in moisture conditions most strongly matched to those in their natural
microhabitat, due to tuning of the biological adhesive for high performance in their natural
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environment, but that flowing water will create drag, disrupt the mucus coating, and impact
adhesive attachment, resulting in decreased cling performance.
Methods
Animals
Animals were collected from natural populations in Chiapas, Mexico, and California and
North Carolina, USA. Salamanders were housed individually in plastic enclosures on a substrate
of damp unbleached paper towels at 16ºC to 21°C on a 12h:12h light schedule. Species were fed
on a diet of vitamin-dusted crickets or fruit flies, depending on size. Sixty-five individuals from
thirteen species were used in the study (Table 3.1). All procedures were approved by the
Institutional Animal Care and Use Committee (IACUC) of the University of South Florida
(IACUC #IS00003067).
Roughness
Roughness levels were selected to encompass the range tested for other climbing
amphibians (Endlein et al., 2013a; Hanna and Barnes, 1991) as well as in consideration of
salamander foot and toe size (Table 3.1). Plates of increasing grit size ranging from 0 to 4000 µm
were fabricated from epoxy resin by forming negative molds of silicone rubber (Smooth-On
Mold Star Series, Platinum Silicone Rubber) on roughened surfaces of selected grit sizes and
then casting epoxy resin (Crystal Clear Bar Table Top Epoxy Resin by Pro Marine Supplies) into
them. In all cases, manufacturer’s recommended molding and casting directions were followed.
For the smooth plate, epoxy resin was poured into an aluminum baking tray and allowed to cure.
For plates of intermediate roughness (150 µm to 350 µm granule size), the silicone rubber molds
were poured over sandpaper of grit size P120 and P60 (Red Resin Power Sandpaper from Gator
Power). For plates of highest roughness (1000 µm to 2000 µm and 2000 to 4000 µm), the
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granule size of the gravel was matched to desired diameter by filtering the gravel through soil
sieves of decreasing pore size prior to mold-making. Then the silicone rubber was poured over
custom constructed sheets of this densely packed gravel. In all cases, epoxy resin was cast into
silicone rubber molds set into aluminum baking trays and allowed to cure.
Animals were removed from their enclosures by hand and placed on the epoxy resin
roughness plate, suspended between two tripods (MeFoto Roadtrip Aluminum Travel Tripod) at
an angle of 0 degrees (horizontal). All animals were oriented in the same direction, facing away
from the point of rotation, resulting in a head-up orientation at any angle between 0 and 180
degrees. After a 30 second acclimation period, the acrylic was rotated by hand at a rate of
approximately three degrees per second until the animal detached or until fully inverted (angle of
180 degrees). If the animal achieved an angle of 180 degrees, a stopwatch recorded cling time up
to 60 seconds, at which time the trial ended. The angle at which the animal detached was
measured, and animals were returned immediately to their enclosures.
Animals were tested no more than three trials per day with a rest period of at least three
hours between trials. Trials in which animals reoriented to head downward position or
voluntarily jumped off were not analyzed. The order of the roughness treatments was
randomized. Each individual was tested in five trials per roughness treatment. Peak cling
performance was defined as the highest angle between 0 and 180° to which the animal was able
to maintain attachment to the surface. Peak cling performance from each individual on each
roughness treatment was used in the statistical analyses (below).
Wetness
Experiments were conducted in the same manner as roughness treatments, using the same
epoxy resin roughness plate. Only roughness treatments of 0 µm, 300-355 µm, and 2000-4000
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µm were used in wetness trials, here referred to a “smooth,” “intermediate,” and “rough”. Water
used in wetness treatments was the standard laboratory mix used in salamander care, 7.2 g/L of
salt (Instant Ocean Aquarium Salt) in reverse osmosis purified water. The three wetness
treatments consisted of a dry control, a misted treatment, and a flowing water treatment. The
misted treatment consisted of 2 ml of water aerosolized and dispersed across the entire 120 mm
by 360 mm roughness sheet resulting in an even coating of individual droplets 0.1 to 0.01 mm in
diameter. In between individual trials, sheets were dried and remisted to create a fresh droplet
coating.
The flowing water treatment was created using a punctured tubing with a stopper at one
end, affixed to the upper edge of the roughness plate. The tubing was connected to a 20 L water
reservoir and, when gravity fed, worked like a soaker tube to release small amounts of water
uniformly across the entire roughness plate (Endlein et al., 2013a). Water flowed at a rate of 1921 ml/s to create a depth of 1 - 2 mm on the clinging surface. Unlike the two rough treatments,
the smooth treatment did not have a uniform sheet of water flowing over the surface, due to the
surface energy of the smooth epoxy resin. However, sufficient holes were punctured in the tube
to ensure many small rivulets of water across the entire sheet so that in every trial one or several
rivulets would be in contact with the salamander’s body during clinging.
In all cases, salamanders were removed from their enclosures by hand and placed on the
dry epoxy resin roughness sheet suspended between two tripods (MeFoto Roadtrip Aluminum
Travel Tripod) at an angle of 0º. All animals were oriented in the same direction, facing away
from the point of rotation, resulting in a head-up orientation at any angle between 0º and 180º
For the misted treatment, salamanders were placed on a pre-misted substrate, such that the
droplets were between the salamander mucus layer and the substrate. For the flowing water
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treatment, initial attempts to place salamanders on a smooth horizontal surface flooded with
flowing water resulted in failure to attach in all species. As a result, for smooth, intermediate,
and rough trials with the flowing water treatment, salamanders were place onto a clean, dry,
horizontal acrylic surface. After a 30 second acclimation period, the plate was rotated to an angle
of 5º and the water was turned on. After flowing water contacted the body of the salamander, the
acrylic was rotated by hand at a rate of 3º per second until the animal detached or until fully
inverted (angle of 180º). If the animal achieved an angle of 180º, a stopwatch recorded cling time
up to 60 seconds, at which time the trial ended. The angle at which the animal detached was
recorded, and animals were returned immediately to their enclosures.
Animals were tested no more than two trials per day with a wait time of at least three
hours between trials. Trials in which animals reoriented to head downward position or
voluntarily jumped off were not analyzed. The order of the roughness and wetness treatments
were randomized. Each individual was tested in three trials per roughness and wetness treatment.
Peak cling performance was defined as the highest angle between 0º and 180º to which the
animal was able to maintain attachment to the surface. Peak cling performance from each
individual on each combined roughness and wetness treatment was used in the statistical
analyses of species’ cling performance.
Analyses
All individuals were measured to determine their body mass in grams, snout-vent length
in millimeters, and their total body length in millimeters (measured from the tip of the jaw to the
tip of the tail, Table 3.1). In addition, animals’ foot width was measured as the straight-line
distance from the center of the most distal margin of the first and fourth toe (Table 3.1, Figure
3.4). Palm width was measured as the straight-line distance from the medial margin at the base of
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the first toe to the lateral margin at the base of the fourth toe (Table 3.1, Figure 3.4). Toe width
was measured as the straight-line distance bisecting the toe tip on the second toe (Table 3.1,
Figure 3.4). Foot width and toe width were not collected for Batrachoseps attenuatus as the
species has relatively undifferentiated feet and markers used in other species were not visible;
only palm width is reported as the straight-line distance across the foot at its widest point (Table
3.1, Figure 3.4). Images were analyzed and relative foot characteristics were measured from a
single, representative ventral picture of the right forefoot of each individual while standing
stationary at 0º on a smooth acrylic surface (Table 3.1).
Cling performance data were non-normal, heteroskedastic, and could not be transformed
to be normal, or fitted to a negative binomial, Poisson, or lognormal distribution. Therefore,
differences between a species’ cling performance on the roughness and wetness treatments were
compared using pairwise, two-sample, two-tailed Kolmogorov–Smirnov tests for non-parametric
data and corrected for false discovery rate (Benjamini and Hochberg, 1995). Data from Eurycea
guttolineata were excluded from all analyses as only two individuals from this species were
obtained and a Kolmogorov–Smirnov test on this species would have lacked sufficient statistical
power. All statistical analyses were conducted in R version 3.4.2.
Results
Roughness
Individuals from all 13 species tested were able to adhere to dry acrylic sheets across the
full range of roughness treatments (granule size 0 to 4000 µm) at angles ranging from 77 ± 1º to
180 ± 0º degrees from the horizontal (Table 3.2). On the smooth, and intermediate roughness
plates (granule size 0 to 355 µm) salamanders were unable to engage in gripping with the toes
and attached purely via their mucus layer. A higher roughness (granule size 1000 to 4000 µm)
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some salamanders showed a behavioral tendency to augment adhesive attachment with gripping
behaviors with the feet, toes, or tail, inserting them into gaps between asperities or grasping
individual substrate projections.
Species with small body sizes (body mass 0.6g ± 0.3 g to over 5g) exhibited higher cling
performance on smooth surfaces than species with large body sizes (5g to 28.8g ± 3.05 g, Table
3.1, Figure 3.1). Overall the effect of increasing roughness of the cling surface resulted in
decreased performance of all species from smooth (0 µm) surfaces to intermediately roughened
surfaces (granule size 106 µm to 355 µm), with improved performance from intermediate to
highly roughened surfaces (granule size 1000 µm to 4000 µm, Figure 3.1). Species differed in
whether maximal cling performance occurred on the very rough surface or on the smooth
surface, with large-bodied species clinging best on rough surfaces. Individuals from 12 of the 13
tested species were statistically analyzed, excluding Eurycea guttolineata.
The effect of roughness on a single species’ cling performance was examined in three
pairwise tests comparing smooth (0 µm), intermediate (300-355 µm) and rough treatments
(2000-4000 µm, Table 3.3). Three species (Aneides flavipunctatus, Aneides lugubris, and
Ensatina eschscholtzii) performed significantly better on rough surfaces than on smooth or
intermediate surfaces (Figure 3.2, Table 3.3). Five species performed significantly better on both
the rough and smooth surfaces than on intermediate surfaces (Bolitoglossa franklini, Plethodon
metcalfi, Batrachoseps attenuatus, Desmognathus aeneus, and Eurycea wilderae), and two
species (Desmognathus ocoee and Pseudotriton ruber) performed significantly better on the
smooth surface than on the intermediate surface (Figure 3.2, Table 3.3). One species, Ambystoma
maculatum, performed significantly differently on all three surfaces, with the highest
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performance on the roughest treatment, and the lowest performance on the intermediate
roughness treatment (Figure 3.2, Table 3.3).
Wetness
Individuals from all 13 species were able to adhere to dry, misted, and wetted roughness
plates (grit size 0 µm to 4000 µm) at angles from 47º ± 6º to 180º ± 0º (Table 3.4). The effect of
roughness and wetness on a single species’ cling performance was examined in six pairwise tests
comparing smooth (0 µm), intermediate (300-355 µm) and rough surfaces (2000 – 4000 µm)
with dry, misted, and flowing water treatments (Table 3.5). Pairwise comparisons were selected
to investigate the effect of misted and flowing water on cling performance on the basis of two a
priori predictions. One, that salamanders would show differences in performance on dry versus
highly misted surfaces across all three roughness treatments due to the effect of high humidity on
the adhesive properties of their ventral mucus coating. The second, that salamanders would show
differences in performance on dry surfaces compared to surfaces with flowing water across all
three roughness treatments due to the effect of flowing water disrupting the surface tension of the
mucus/substrate boundary and increasing the drag force acting to shear the animal off the
surface.
For some species (Aneides flavipunctatus, Aneides lugubris, Ambystoma maculatum,
Bolitoglossa franklini, and Plethodon metcalfi), the addition of humidity in the form of
aerosolized droplets coating significantly reduced attachment performance on the smooth cling
surface (Table 3.5, Figure 3.3). On intermediately roughened surfaces, some species
(Batrachoseps attenuatus, Bolitoglossa franklini, Desmognathus ocoee, Desmognathus aeneus,
Eurycea wilderae, and Plethodon metcalfi) showed significantly enhanced attachment
performance with surface misting (Table 3.5, Figure 3.3). For the three smallest species,
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Batrachoseps attenuatus, Desmognathus aeneus, and Eurycea wilderae, performance on a
misted intermediate surface was improved to the point where it is not significantly different from
their performance on the dry smooth surface (Figure 3.5, Table 3.6).
In comparing dry versus flowing water treatments, the effect depended on the substrate
roughness.In some cases (Aneides flavipunctatus, Desmognathus aeneus, Desmognathus ocoee,
Plethodon metcalfi, Eurycea wilderae, Bolitoglossa franklini and Ensatina eschscholtzii),
flowing water significantly and negatively impacted attachment to smooth surfaces more than the
dry treatment. On intermediate surfaces, some species (Batrachoseps attenuatus, Desmognathus
aeneus, Ensatina eschscholtzii, Desmognathus ocoee, Eurycea wilderae, Bolitoglossa franklini
and Plethodon metcalfi), the flowing water treatment significantly enhanced attachment
compared to dry cling performance on intermediately roughened surfaces (Table 3.5, Figure 3.3).
Cling performance on the roughest plate (2000 - 4000 µm) was not significantly affected by any
wetness treatment (dry, misted, or flowing water) for any species, except Desmognathus aeneus,
where the flowing water condition resulted in significantly improved performance on the
roughest treatment compared to the dry condition. (Figure 3.3, Table 3.5).
Discussion
Effect of roughness
The smooth epoxy resin surface negates any possibility of attachment by gripping (Figure
3.4). The smooth surface also has the smallest coefficient of friction and provides the largest
surface area of attachment. At an angle of 90°, the full weight of the salamander is acting to
shear the mucus coating and slide the salamander down the attachment surface. Since no tested
salamander species slid off the smooth surface at angles between 0° and 90°, this indicates that
the viscosity of the salamander mucus coating is sufficient to maintain attachment.

100

At angles above 90° and up to 180°, shear forces decrease, and perpendicular detachment
forces predominate, placing the mucus layer in tension. Since large species like A. maculatum, A.
flavipunctatus and A. lugubris, D. quadramaculatus, E. eschscholtzii, P. metcalfi, and P. ruber
fall off at angles between 90° and 161°, that indicates the adhesive force is insufficient to resist
the increasing large tensile forces created by gravity at high angles of attachment. Adhesive
force, caused by either capillarity or Stefan adhesion, is a function of surface area (Emerson and
Diehl, 1980; Nachtigall, 1974; Stefan, 1874; Vogel, 2003). Large species are particularly limited
due to their lower surface area to mass ratio (Schmidt-Nielsen, 1975). As a result, they
experience large shear and normal forces due to gravity acting on body mass and they also have
the smallest attachment surface per unit body mass with which to counteract this force (Chapter
1). Species that can cling at or near 180º (Batrachoseps attenuatus, Bolitoglossa franklini,
Desmognathus aeneus, Desmognathus ocoee, Eurycea guttolineata, and Eurycea wilderae), have
sufficient adhesive attachment between their ventral mucus layer and the substrate to support
their full body weight, even on a smooth epoxy resin surface.
Poor attachment to intermediately roughened surfaces has consistently emerged in studies
of cling performance in animals (Hosoda and Gorb, 2011; Huber et al., 2007; Langowski et al.,
2019; Voigt et al., 2008; Wolff and Gorb, 2011). The vast majority of studied vertebrate and
invertebrate species in which clinging and climbing play a major role in their natural history use
two or more attachment mechanisms (Beckert et al., 2015; Bullock and Federle, 2011; Labonte
et al., 2016; Nadler et al., 2013; Wolff and Gorb, 2011; Zani, 2000). The lulls in performance on
rough surfaces seem to occur on scales particular to each taxon but may represent a critical
roughness where one mechanism of attachment begins to fail but a secondary mechanism has not
yet reached peak functionality (Bullock and Federle, 2011; Huber et al., 2007; Persson and Gorb,
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2003; Wolff and Gorb, 2011). In salamanders, this transition point occurs on the intermediate
surface between the mucus adhesion, which can be highly effective on smooth surfaces (Chapter
1), and toe-gripping attachment, which functions on surfaces of sufficient rugosity, and clasping
with opposing limbs and gripping or hooking attachment with the tail on still larger scales of
roughness (Cartmill, 1985). This is consistent with similar tests in tree frogs (Hill et al., 2018;
Langowski et al., 2019; Sitti et al., 2017).
Salamanders showed significantly reduced performance between the smooth and the
intermediately roughened surface (300 to 350 µm granule size, Figure 3.2). All 13 species of
salamanders have a foot and toe size larger than the asperity size of the intermediately rough
plate (Figure 3.4). As a result, the irregularities in the surface do not allow gripping to play a role
in attachment on this surface (Cartmill, 1985). One explanation for the reduction in performance
is that the small irregularities in the surface resulted in gaps in the attachment between the
substrate and the salamanders’ ventral mucus coating (Figure 3.4). These small gaps between the
mucus coating and the substrate decreased the functional adhesive surface area of the animals.
This reduction in performance also suggests the mucus coating on the salamanders is either very
thin, very viscous, or both, as it did not flow into these gaps and create attachment surfaces equal
to those of the smooth plate. A thicker mucus coating could also create the possibility of
lubrication, rather than adhesion; this could constitute a tradeoff, as thinner fluid layers are the
more resistant to shearing but may also fail to flow into gaps to improve attachment on
intermediately roughened surfaces.
Large-bodied and dexterous species such as Ambystoma maculatum, Aneides
flavipunctatus, A. lugubris, and Ensatina eschscholtzii showed significant improvement on the
roughest treatment (2000 to 4000 µm granule size) over the intermediate and smooth treatments
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(Table 3.2, 3.3, Figure 3.2). In addition to being the largest species, these species also have the
largest feet (Table 3.1). The size of the grit elements relative to foot size and toe length enable
these species not only to engage in interlocking individual toes in crevices between granules to
enhance attachment (as in small species, Figure 3.4), but also to use the entire foot to create
attachment by antagonistic clasping of the toes around large granules (Cartmill, 1985).
Small species showed no loss of performance on rough surfaces, despite the large size of
the grit elements relative to foot and toe size (Figure 3.4). The formation of the rough plate
produces both projections of the desired granule size, and inversions of smaller depth and width
between elements. This complex surface is a functional surrogate for natural climbing surfaces,
such as limestone outcropping and tree bark, which show roughness on multiple spatial scales.
For small species, projecting elements can be so large that gripping them becomes impossible
(Cartmill, 1985), however gaps between elements are sufficiently large to enable the insertion of
a foot or toe. Small salamanders were observed hooking toes or entire feet into gaps between
granules to maintain attachment when adhesion surface becomes limited.
Effect of wetness
Water can either help or hurt the cling performance of an animal, depending on the
mechanism of attachment, the thickness of the water layer, and the force of the flow. When
detachment forces acting on the object or animal are very weak, thin films of water may act as an
adhesive, the way a wet piece of paper may stick to a wall, resisting being flowed by shear forces
or having their fluid edges expanded against the cohesive force of surface tension (Nachtigall,
1974; Stefan, 1874; Vogel, 2003). This effect has been found in tree frogs and newts, where
cling performance on slightly roughened surfaces is improved by the presence of water to similar
levels of performance as on smooth dry surfaces (Barnes et al., 2002; Drotlef et al., 2014;
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Endlein et al., 2013a; Hanna and Barnes, 1991). When attachment is dependent on the surface
tension of the adhesive, as in capillary adhesion, water may disrupt the boundary of the adhesive
and render attachment impossible (Emerson and Diehl, 1980). Thick films of water may act as a
lubricant, rather than an adhesive, and fast flowing water can entrain the organism and pull it
along the surface (Emerson and Diehl, 1980; Peressadko et al., 2005).
Organisms may be adapted to the moisture level of their environment. Spider silk
adhesive strength is affected by ambient humidity and species-specific chemical composition of
the webs (Sahni et al., 2011). Torrent and rock frogs of the genus Staurois attach to rocks in fast
flowing streams, and their toe pad structure seems particularly adapted to channel moisture and
prevent detachment in these conditions (Drotlef et al., 2014; Endlein et al., 2013a). Geckos,
many tropical and semitropical, cling best in slightly humid conditions, due to the elastic
properties of their toe hairs which form the best angle and attachment in the right humidity
conditions (Prowse et al., 2011; Puthoff et al., 2010; Stark et al., 2012). In these cases,
performance is dependent on the unique morphology, physiology, and biochemistry of the
organisms and their attachment mechanisms.
On the smooth plate, flowing water negatively impacted cling performance in
salamanders, suggesting it acts to disrupt the adhesive properties of the mucus, such as surface
tension or viscosity. For all species, performance on the smooth surface was reduced below 96°,
and animals slid off the surface. This indicates that shear forces causing detachment were
sufficient to overcome the viscosity of the skin-mucus-substrate interface. The three smallest
species were routinely swept off the smooth plate at an angle of less than 10° by the flowing
water: Desmognathus aeneus, Batrachoseps attenuatus, and Eurycea wilderae. The force of the
flowing water, even at near horizontal angles, could occasionally overcome the attachment in the
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smallest species and sweep the animals off the substrate. However, in trials where attachment
survived initial contact with the flowing water (about 50% of trials), small salamanders were
occasionally capable of clinging to 180º, despite flowing water contacting and surrounding their
adhesive surface. Water is predicted to disrupt capillary adhesion; therefore this sustained
attachment suggests that viscous forces and Stefan adhesion may best explain salamander cling
performance.
On intermediate surfaces, the misted treatment showed improved attachment for all
species over the dry condition. This improvement was strongest in the small species,
Batrachoseps attenuatus, Euyrcea wilderae, Desmognathus aeneus, Desmognathus ocoee, and
the larger, high performing Bolitoglossa franklini (Table 3.5, Figure 3.3). The surface
irregularities which cause reduced attachment surface area in the dry condition are likely filled
by the water droplets in the misted condition, and when the salamander ventral mucus layer
comes into contact with the slightly wetted surface, the water may serve to increase the contact
area of attachment over the dry condition. The attachment caused by the viscosity and surface
tension of an irregular mixture of mucus and water is sufficient to significantly increase
attachment performance in small salamanders, and has a weaker, but still positive effect in large
species (Table 3.5, Figure 3.3).
Many species showed improved performance on the flowing water condition on the
intermediately roughened surface; in addition to the species improved by the misted condition,
which remained high performing under flowing water condition, larger species Plethodon
metcalfi and Ensatina eschscholtzii also showed improvement in the flowing water over the dry
treatment.. In the case of Ensatina, their elevated posture while standing and clinging with little
ventral body surface in contact results in extremely low surface area of attachment. The flowing
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water may have the effect of triggering them to crouch, increasing their contact area, or of filling
some portion of the gap between their body and the substrate. Plethodon, in contrast, exhibits a
more sprawled posture. If this difference in texture and performance results from having the
most viscous mucus of the tested species, water may supplement the mucus and make a larger
area of contact between the salamander ventral surface and the intermediately roughened surface,
despite generating a weaker force of adhesion than mucus over the same area (Persson et al.,
2005).
On the roughest plate (2000 to 4000 µm granule size) dry, misted, and flowing water
conditions, cling performance was unaffected for all plethodontid species, except Desmognathus
aeneus (Figure 3.3, Table 3.4). This indicates that for most species gripping attachment is
stronger than adhesive attachment in water, and neither the diluting of the mucus layer from
water coating the surface nor the drag forces created by the flowing water condition are
sufficiently strong to overcome gripping attachment, and unlike in the intermediate roughness
treatment, water is not needed to improve attachment. This robust performance means that, in a
range of weather conditions, climbing on rough natural surfaces will be unaffected. Further
research into the effect of substrate qualities on clinging and climbing performance is needed to
fully understand the mechanisms of attachment used by salamanders and the effect of natural
conditions such as roughness, wetness, and fouling.
Conclusions
Salamanders cling on roughened and wetted surfaces using a combination of wet
adhesion and gripping. Salamanders can cling to 180º on both smooth (0 µm) and rough (20004000 µm) surfaces but experience a decline in performance at a critical roughness between 300
and 355 µm. The decline in performance at this critical roughness is likely caused by the
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decrease in attachment surface area due to the asperity size of the rough surfaces. It also suggests
salamander mucus forms a highly viscous and very thin layer on the body surface, which cannot
flow into large grooves in roughened surfaces to increase adhesive contact area. At greater
roughness, declines in adhesive surface area can be compensated for with the addition of
gripping attachment, once asperity size is larger than the diameter of the toe. For small
salamanders under 4g in body size, maximum cling performance (180º) occurs on both smooth
surfaces and surfaces between 1000 and 4000 µm granule size. Large salamanders with poor
performance (90 – 165º) on smooth surfaces have higher performance on rough surfaces, where
gripping with the toes is possible, and these salamanders are capable of clinging fully inverted.
Bolitoglossa franklini has shorter toes and partially webbed feet but does not experience a
significant decline in performance on rough surfaces with large asperity sizes.
Water does not strongly affect salamander performance in general. Misted and flowing
water negatively affects performance on the smooth surface in all taxa compared to the dry
condition but improves performance at the critical roughness. Cling performance of small
salamanders on intermediately roughened surfaces (300-355 µm) with misted water matches
performance on smooth, dry surfaces, likely due to water filling in and bridging gaps between
the body surface and the substrate. For small salamanders, experiencing low shear and normal
forces when clinging, initial contact with flowing water can remove salamander clinging at small
inclines (<10º). If the adhesive bond survives initial contact with water, salamanders can cling to
180º, despite the interruption of the mucus surface tension, indicating that initial attachment to
the dry surface is not dependent on capillary adhesion, and that viscous forces play a large role in
determining cling performance than surface tension. For large species, misted water negatively
affects performance on smooth surfaces, and species are more likely to fail by sliding at angles
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between 0º and 90º, due to shearing forces. Flowing water, despite exerting larger drag forces
than the misted condition, has a similar negative effect on smooth surfaces to the misted
condition, and has no effect on rough surfaces, where gripping is the major mechanism of
attachment.
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Table 3.1 – Research Animals. Species' mean and standard error of the mean for body mass, snout vent length, and total body length
(measured from the tip of the jaw to the tip of the tail). Species' mean and standard error of the mean for palm width, foot width, and toe
width, measured as described in methods and indicated in Figure 3.4. Number of individuals tested indicated as N.

Species

N

Aneides flavipunctatus

5

Aneides lugubris

4

Ambystoma maculatum

5

Batrachoseps attenuatus

5

Bolitoglossa franklini

9

Desmognathus aeneus

5

Desmognathus ocoee

5

Desmognathus
quadramaculatus

5

Ensatina eschscholtzii

5

Eurycea guttolineata

3

Eurycea wilderae
Plethodon metcalfi

5
5

Pseudotriton ruber

4

Body Mass
(g)
5.48 ±
1.91
11.42 ±
1.98
28.8 ±
3.05
0.84 ±
0.10
6.98 ±
1.01
0.6 ± 0.03
2.16 ±
0.14
16.38 ±
1.70
5.12 ±
0.82
0.87 ±
0.03
0.8 ± 0.05
6.6 ± 0.32
12.1 ±
0.86

SVL (mm)

Total Body Length
(mm)

Palm Width
(mm)

Foot Width
(mm)

Toe Width
(mm)

59.1 ± 4.1

110.4 ± 8.9

4.2 ± 0.2

5.7 ± 0.2

1.2 ± 0.1

86.8 ± 3.2

156.5 ± 3.6

5.4 ± 0.2

9.3 ± 0.6

1.7 ± 0.3

101.4 ±
5.0

198.4 ± 8.1

6. 5 ± 0.4

11.2 ± 0.3

1.1 ± 0.1

43.2 ± 2.4

99.3 ± 9.0

1.1 ± 0.1

62.7 ± 3.1

108.8 ± 4.7

4.9 ± 0.5

6.1 ± 0.6

1.2 ± 0.1

29.4 ± 1.0

52.5 ± 2.2

1.3 ± 0.1

1.9 ± 0.1

0.5 ± 0.0

44.2 ± 1.3

88.8 ± 2.8

2.5 ± 0.4

3.8 ± 0.5

0.6 ± 0.1

92.3 ± 3.1

168.2 ± 6.0

3.8 ± 0.2

6.0 ± 0.2

0.8 ± 0.1

57.7 ± 2.0

112.0 ± 7.0

3.8 ± 0.1

6.0 ± 0.4

0.8 ± 0.1

36.9 ± 0.7

88.6 ± 1.6

2.2 ± 0.1

3.5 ± 0.2

0.5 ± 0.1

39.5 ± 1.9
70.6 ± 1.9

91.5 ± 4.5
146.4 ± 2.4

2.2 ± 0.2
3.8 ± 0.2

3.2 ± 0.1
5.8 ± 0.2

0.6 ± 0.1
0.8 ± 0.1

80.2 ± 1.9

132.6 ± 5.3

3.5 ± 0.1

4.6 ± 0.2

0.9 ± 0.1
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Table 3.2 – Cling performance on roughened surfaces. Species' mean and standard error of the mean for maximum cling performance,
calculated from individual's maximum cling performance. Cling performance reported for each of three roughness treatments.
Roughness treatment asperity or granule size was 0µm, 300 - 355 µm, and 2000 - 4000 µm, as indicated. Number of individuals tested
indicated as N.

Treatment
Species
Aneides flavipunctatus
Aneides lugubris
Ambystoma maculatum
Batrachoseps attenuatus
Bolitoglossa franklini
Desmognathus aeneus
Desmognathus ocoee
Desmognathus
quadramaculatus
Ensatina eschscholtzii
Eurycea guttolineata
Eurycea wilderae
Plethodon metcalfi
Pseudotriton ruber

Smooth (0 µm)

Intermediate (300 - 355 µm)

Rough (2000 - 4000 µm)

N
5
4
5
5
10
5
5

Cling Angle (°)
141 ± 6
139 ± 10
99 ± 5
180 ± 0
174 ± 4
180 ± 0
178 ± 2

Cling Angle (°)
120 ± 6
120 ± 6
77 ± 1
119 ± 5
100 ± 3
123 ± 4
142 ± 8

Cling Angle (°)
175 ± 5
180 ± 0
138 ± 4
174 ± 4
163 ± 6
168 ± 8
173 ± 7

6

140 ± 14

102 ± 4

134 ± 8

5
2
5
5
5

109 ± 8
180 ± 0
180 ± 0
161 ± 2
143 ± 9

113 ± 9
148 ± 8
131 ± 10
113 ± 5
85 ± 4

171 ± 6
160 ± 20
176 ± 4
151 ± 4
128 ± 10

116

Table 3.3 - Statistical results of roughness tests. Pairwise, two-sample, two-tailed Kolmogorov–
Smirnov tests for non-parametric data and corrected for false discovery rate (Benjamini and
Hochberg, 1995). Test statistic D reported, as well as raw and adjusted significance thresholds.
Values below 0.05 indicate significant differences in samples from the two roughness treatments for
that species.
Species
Aneides flavipunctatus

Aneides lugubris

Ambystoma maculatum

Batrachoseps attenuatus

Bolitoglossa franklini

Desmognathus aeneus

Desmognathus ocoee

Desmognathus quadramaculatus

Ensatina eschscholtzii

Eurycea wilderae

Plethodon metcalfi

Pseudotriton ruber

Test
Smooth vs Intermediate
Intermediate vs Rough
Smooth vs Rough
Smooth vs Intermediate
Intermediate vs Rough
Smooth vs Rough
Smooth vs Intermediate
Intermediate vs Rough
Smooth vs Rough
Smooth vs Intermediate
Intermediate vs Rough
Smooth vs Rough
Smooth vs Intermediate
Intermediate vs Rough
Smooth vs Rough
Smooth vs Intermediate
Intermediate vs Rough
Smooth vs Rough
Smooth vs Intermediate
Intermediate vs Rough
Smooth vs Rough
Smooth vs Intermediate
Intermediate vs Rough
Smooth vs Rough
Smooth vs Intermediate
Intermediate vs Rough
Smooth vs Rough
Smooth vs Intermediate
Intermediate vs Rough
Smooth vs Rough
Smooth vs Intermediate
Intermediate vs Rough
Smooth vs Rough
Smooth vs Intermediate
Intermediate vs Rough
Smooth vs Rough
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Test Statistic
D
0.80
1.00
1.00
0.75
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.40
1.00
1.00
0.30
1.00
1.00
0.40
1.00
0.80
0.20
0.67
0.83
0.33
0.40
1.00
1.00
1.00
1.00
0.40
1.00
1.00
0.80
1.00
0.80
0.40

Adjusted P
Value
0.079
0.012
0.012
0.229
0.043
0.043
0.008
0.008
0.008
0.012
0.012
0.873
0.000
0.000
0.787
0.012
0.012
0.873
0.024
0.119
0.357
0.214
0.078
0.931
0.873
0.012
0.012
0.012
0.012
0.357
0.012
0.012
0.357
0.024
0.119
0.873

Table 3.4 - Cling performance on roughened and wetted surfaces. Species' mean and standard error of the
mean for maximum cling performance, calculated from individual's maximum cling performance. Cling
performance reported for each of three roughness treatments, under three wetness regimes. Roughness
treatment asperity or granule size was 0µm, 300 - 355 µm, and 2000 - 4000 µm, as indicated. Wetness
treatment conditions were dry, misted, or flowing water as described in methods. Number of individuals
tested indicated as N.

Species
Aneides
flavipunctatus

Aneides lugubris

Ambystoma
maculatum
Batrachoseps
attenuatus
Bolitoglossa
franklini
Desmognathus
aeneus
Desmognathus
ocoee
Desmognathus
quadramaculatus
Ensatina
eschscholtzii
Eurycea
wilderae
Plethodon
metcalfi
Pseudotriton
ruber

Wetness
Treatment
Dry
Misted
Wet
Dry
Misted
Wet
Dry
Misted
Wet
Dry
Misted
Wet
Dry
Misted
Wet
Dry
Misted
Wet
Dry
Misted
Wet
Dry
Misted
Wet
Dry
Misted
Wet
Dry
Misted
Wet
Dry
Misted
Wet
Dry
Misted
Wet

Roughness
Treatment

Smooth (0
µm)

Intermediate (300 355 µm)

Rough (2000 4000 µm)

N

Cling Angle
(°)

Cling Angle (°)

Cling Angle (°)

141 ± 6
78 ± 10
62 ± 4
150 ± 15
63 ± 3
63 ± 3
99 ± 5
53 ± 6
64 ± 6
180 ± 0
180 ± 0
96 ± 23
173 ± 5
94 ± 11
57 ± 7
180 ± 0
167 ± 13
47 ± 6
178 ± 2
113 ± 20
66 ± 10
128 ± 12
88 ± 21
61 ± 11
109 ± 8
105 ± 5
69 ± 6
180 ± 0
140 ± 21
60 ± 11
161 ± 2
58 ± 3
76 ± 9
148 ± 10
75 ± 6
63 ± 9

120 ± 6
132 ± 12
155 ± 9
115 ± 5
118 ± 3
140 ± 15
77 ± 1
86 ± 5
94 ± 8
119 ± 5
178 ± 2
180 ± 0
98 ± 4
139 ± 10
145 ± 8
123 ± 4
180 ± 0
180 ±0
127 ± 8
180 ± 0
180 ± 0
98 ± 5
109 ± 8
121 ± 7
113 ± 9
102 ± 5
142 ± 8
131 ± 10
180 ± 0
180 ± 0
113 ± 5
117 ± 4
171 ± 5
88 ± 3
104 ± 14
121 ± 7

175 ± 5
158 ± 7
165 ± 6
180 ± 0
180 ± 0
180 ± 0
138 ± 4
121 ± 2
120 ± 6
174 ± 4
170 ± 9
180 ± 0
162 ± 7
145 ± 10
159 ± 5
168 ± 8
174 ± 4
180 ± 0
173 ± 7
175 ± 5
180 ± 0
131 ± 9
125 ± 4
131 ± 8
171 ± 6
144 ± 9
150 ± 4
176 ± 4
171 ± 9
180 ± 0
151 ± 4
146 ± 3
155 ± 3
136 ± 7
114 ± 5
134 ± 4

5

2

5

5

7

5

5

5

5

5

5

4
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Table 3.5 - Statistical results of wetness tests. Pairwise, two-sample, two-tailed Kolmogorov–
Smirnov tests for non-parametric data and corrected for false discovery rate (Benjamini and
Hochberg, 1995). Test statistic D reported, as well as P-values adjusted for multiple comparisons.
Values below 0.05 indicate significant differences in samples from the two wetness treatments for
that species and roughness treatment.
Species

Roughness
Smooth

Aneides flavipunctatus

Intermediate
Rough
Smooth

Aneides lugubris

Intermediate
Rough
Smooth

Ambystoma maculatum

Intermediate
Rough
Smooth

Batrachoseps attenuatus

Intermediate
Rough
Smooth

Bolitoglossa franklini

Intermediate
Rough
Smooth

Desmognathus aeneus

Intermediate
Rough

Test

Test Statistic D

Adjusted P Value

Dry vs Misted

1

0.0234

Dry vs Flowing Water

1

0.0234

Dry vs Misted

0.6

0.3571

Dry vs Flowing Water

0.8

0.1587

Dry vs Misted

0.6

0.3571

Dry vs Flowing Water

0.6

0.3571

Dry vs Misted

1

0.5000

Dry vs Flowing Water

1

0.5000

Dry vs Misted

0.5

1.0000

Dry vs Flowing Water

1

0.5000

Dry vs Misted

0.5

1.0000

Dry vs Flowing Water

1

0.5000

Dry vs Misted

1

0.0238

Dry vs Flowing Water

0.8

0.0794

Dry vs Misted

0.8

0.0794

Dry vs Flowing Water

0.8

0.0794

Dry vs Misted

1

0.0238

Dry vs Flowing Water

0.8

0.0794

Dry vs Misted

0.4

0.8730

Dry vs Flowing Water

0.8

0.1191

Dry vs Misted

1

0.0238

Dry vs Flowing Water

1

0.0238

Dry vs Misted

0.4

0.8730

Dry vs Flowing Water

0.8

0.1191

Dry vs Misted

0.9

0.0025

Dry vs Flowing Water

1

0.0006

Dry vs Misted

0.75714

0.0014

Dry vs Flowing Water

0.85714

0.0035

Dry vs Misted

0.41429

0.4538

Dry vs Flowing Water

0.35714

0.5602

Dry vs Misted

0.2

1.0000

Dry vs Flowing Water

1

0.0119

Dry vs Misted

1

0.0119

Dry vs Flowing Water

1

0.0119

Dry vs Misted

0.6

0.4285

Dry vs Flowing Water

1

0.0119
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Table 3.5 (continued)

Species

Roughness
Smooth

Desmognathus ocoee

Intermediate

Rough

Smooth

Desmognathus quadramaculatus

Intermediate

Rough

Smooth

Ensatina eschscholtzii

Intermediate

Rough

Smooth

Eurycea wilderae

Intermediate

Rough

Smooth

Plethodon metcalfi

Intermediate

Rough

Smooth

Pseudotriton ruber

Intermediate

Test

Test Statistic D

Adjusted P Value

Dry vs Misted

0.8

0.1191

Dry vs Flowing Water

1

0.0159

Dry vs Misted

1

0.0159

Dry vs Flowing Water

1

0.0159

Dry vs Misted

0.4

0.8730

Dry vs Flowing Water

0.6

0.4285

Dry vs Misted

0.6

0.5357

Dry vs Flowing Water

0.8

0.2381

Dry vs Misted

0.6

0.5357

Dry vs Flowing Water

0.8

0.2381

Dry vs Misted

0.2

1.0000

Dry vs Flowing Water

0.2

1.0000

Dry vs Misted

0.2

1.0000

Dry vs Flowing Water

1

0.0238

Dry vs Misted

0.4

1.0000

Dry vs Flowing Water

0.8

0.0238

Dry vs Misted

0.6

0.5357

Dry vs Flowing Water

0.8

0.1587

Dry vs Misted

0.6

0.4285

Dry vs Flowing Water

1

0.0159

Dry vs Misted

1

0.0159

Dry vs Flowing Water

1

0.0159

Dry vs Misted

0.4

0.8730

Dry vs Flowing Water

0.8

0.1191

Dry vs Misted

1

0.0159

Dry vs Flowing Water

1

0.0159

Dry vs Misted

0.4

0.8730

Dry vs Flowing Water

1

0.0159

Dry vs Misted

0.4

0.8730

Dry vs Flowing Water

0.4

0.8730

Dry vs Misted

1

0.0571

Dry vs Flowing Water

1

0.0571

Dry vs Misted

0.5

0.9257

Dry vs Flowing Water

1

0.0571

Dry vs Misted

0.75

0.3429

Dry vs Flowing Water

0.25

1.0000

Rough
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Table 3.6 – Effect of water. Species' mean and standard error of the mean for maximum cling performance, calculated from individual's
maximum cling performance. Cling performance reported for smooth and intermediate roughness treatments, under dry and misted
wetness conditions, as indicated in Methods. Number of individuals tested indicated as N. Grey highlights indicate species in which
performance on intermediate, misted treatment was equal to that of the smooth dry treatment, and significantly higher than the
intermediate, dry treatment.
Treatment
Designation
Aneides flavipunctatus
Aneides lugubris
Ambystoma maculatum
Batrachoseps attenuatus
Bolitoglossa franklini
Desmognathus aeneus
Desmognathus ocoee
Desmognathus quadramaculatus
Ensatina eschscholtzii
Eurycea wilderae
Plethodon metcalfi
Pseudotriton ruber
Treatment
Designation
Aneides flavipunctatus
Aneides lugubris
Ambystoma maculatum
Batrachoseps attenuatus
Bolitoglossa franklini
Desmognathus aeneus
Desmognathus ocoee
Desmognathus quadramaculatus
Ensatina eschscholtzii
Eurycea wilderae
Plethodon metcalfi
Pseudotriton ruber

N
5
2
5
5
9
5
5
5
5
5
5
4

N
5
2
5
5
7
5
5
5
5
5
5
4

Smooth Dry

Intermediate Dry

Cling Angle (°)

Cling Angle (°)

136 ± 5
138 ± 28
97 ± 6
180 ± 0
173 ± 3
180 ± 0
175 ± 3
123 ± 15
103 ± 10
180 ± 0
161 ± 2
130 ± 4

120 ± 6
115 ± 5
77 ± 1
119 ± 5
100 ± 4
121 ± 5
127 ± 8
97 ± 6
106 ± 10
131 ± 10
109 ± 6
88 ± 3

Smooth Dry

Intermediate Misted

Cling Angle (°)

Cling Angle (°)

136 ± 5
138 ± 28
97 ± 6
180 ± 0
173 ± 3
180 ± 0
175 ± 3
123 ± 15
103 ± 10
180 ± 0
161 ± 2
130 ± 4

132 ± 12
118 ± 3
86 ± 5
178 ± 2
139 ± 10
180 ± 0
180 ± 0
109 ± 8
102 ± 5
180 ± 0
117 ± 4
104 ± 14

121

Analysis
Test Statistic D
Adjusted P Value
0.6
0.357
0.5
1.000
0.8
0.079
1.0
0.008
1.0
0.000
1.0
0.008
1.0
0.008
0.6
0.357
0.4
0.873
1.0
0.008
1.0
0.008
1.0
0.029
Analysis
Test Statistic D
Adjusted P Value
0.6
0.357
0.5
1.000
0.4
0.873
0.4
0.873
0.9
0.003
0.6
0.357
1.0
0.008
0.4
0.873
0.4
0.873
0.6
0.357
1.0
0.008
0.8
0.229
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